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The way an animal utilizes and stores energy directly affects its ability to perform 
essential life functions (e.g. foraging, migration, reproduction), with implications for its 
health and fitness; therefore, individual variation in energy storage and metabolism 
within a population leads to intra-population variation in individual fitness and survival.  
Consequently, understanding the factors that contribute to variation in energy storage and 
metabolism within a population can aid in identifying factors that influence that 
population’s fitness.  Compared to other taxa, there has been relatively little research to 
investigate the factors that govern variation in elasmobranch energy use and storage, 
particularly in wild populations.  Furthermore, there has been almost no research 
conducted to explore how urbanization, a growing threat to marine ecosystems and 
organisms, affects elasmobranch energy storage and metabolism and, ultimately, their 
health and fitness.  To address this knowledge gap, morphological (i.e. body condition) 
and biochemical (i.e. plasma cholesterol, free fatty acid, triglyceride, and ketone body 
concentrations) metrics related to energy storage and utilization were measured for 118 
wild-sampled south Florida nurse sharks (Ginglymostoma cirratum).  Statistical analyses 
were performed to identify any correlations between metrics and explore ontogenetic, 
 sexual, seasonal, and spatial variation in body condition and plasma metabolite 
concentrations within the population.  Results demonstrated that several metrics can be 
significantly linearly correlated with one another, but these relationships are highly 
dependent on nurse shark life stage and sex.  The mean plasma metabolite concentrations 
for immature, mature female, and mature male nurse sharks was not significantly 
different; however, mature female nurse sharks had significantly higher body condition 
than mature male sharks.  Further analysis revealed that this difference is driven by 
seasonal variation in mature female body condition, likely related to the accumulation of 
energy stores prior to reproduction.  Significant seasonal variation also occurred in 
plasma concentrations of β-hydroxybutyric acid for mature male nurse sharks, possibly 
related to energetically exhausting mating activity during the wet season.  Significant 
spatial variation occurred in the plasma concentrations of both triglycerides and free fatty 
acids for immature nurse sharks.  Immature nurse sharks sampled within the more 
urbanized Metropolitan zone had higher mean triglyceride concentrations, and lower 
mean free fatty acid concentrations, than their conspecifics sampled within the relatively 
more natural National Park zone; this may imply that nurse sharks in the Metropolitan 
zone are feeding more, or more frequently, than nurse sharks in the National Park zone.  
The results of this thesis contribute to the growing knowledge base on energy storage and 
metabolism in wild-sampled elasmobranchs, as well as provide the first exploration of 
variation in elasmobranch body condition and plasma metabolites relative to 
urbanization, an anthropogenic threat with the capacity to influence elasmobranch fitness 
and survival.
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Chapter 1 – Introduction 
 
Body and Nutritional Condition 
A primary objective of conservation biology is to promote the health and survival 
of a species, the fitness of which is often evaluated at the population level; to gauge the 
fitness of a population of organisms, the health of the individuals comprising the 
population must be assessed (Stevenson and Woods 2006).  Measuring organism health 
with respect to various extrinsic and intrinsic factors can elucidate how these factors 
affect an organism’s capability to perform essential activities, such as growth and 
reproduction (Lambert and Dutil 1997; Irschick and Hammerschlag 2014; Leigh et al. 
2017).  Within-population variation in individual health results in differing ability of 
organisms to function and survive (Irschick and Hammerschlag 2014).   
 Because health is an abstract concept that cannot be directly assessed, researchers 
have developed body and nutritional condition indices that act as a proxy for health 
(Stevenson and Woods 2006).  These condition indices typically measure morphometric 
or biochemical parameters that are related to health, aiming to approximate an organism’s 
stored energy (Gallagher et al. 2014b).  Organisms store a finite amount of energy, which 
can be allocated to energetic requirements such as physiological processes, reproductive 
activities, and foraging; limited energy leads to energetic trade-offs, where one life 
function may be sacrificed in order to devote sufficient energy to another (Speakman 
1997; Zera and Harshman 2001).  Conversely, organisms with ample energy stores are 
able to allot the necessary energy to all life functions, performing each successfully and 
maintaining individual fitness (Zera and Harshman 2001).  The current state of an 
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organism’s energy stores (i.e. condition) can fluctuate with a multitude of factors, most 
notably diet (Carrillo et al. 1982; Lu et al. 2013), reproductive state (Garcia-Garrido et al. 
1990; Hussey et al. 2009), sexual maturation (Garcia-Garrido et al. 1990), migration (Del 
Raye et al. 2013), season (Vetešník et al. 2013; Valls et al. 2016); predation risk (DeWitt 
et al. 2017), and habitat quality (Seal 1978; Seal et al. 1978; Cypher and Frost 1990; 
Hellgren and Polnaszek 2011). 
 Body condition indices approximate the energy available to an organism using 
morphological or somatic measurements (Hussey et al. 2009; Irschick and Hammerschlag 
2014).  Most commonly, morphological body condition indices incorporate a mass to 
length ratio, assuming that a heavier organism of a given length has amassed larger 
energy stores (Stevenson and Woods 2006; Sardenne et al. 2016).  Contrarily, somatic 
indices use a ratio of the mass of an energy-storing tissue (e.g. adipose tissue, liver) to the 
total body mass to measure body condition (Hussey et al. 2009).  Because elasmobranchs 
lack adipose tissue, instead storing energy as lipids in the liver, the hepatosomatic index 
(i.e. ratio of liver mass to total body mass) is the most accurate method for measuring the 
body condition of sharks (Ballantyne 1997; Hussey et al. 2009; Speers-Roesch and 
Treberg 2010). 
 Unfortunately, many of the “typical” body condition indices are impractical when 
studying wild-caught, large-bodied sharks; attempting to weigh large-bodied sharks in the 
field is difficult, and lethal sampling for liver biopsies should not be encouraged, 
considering the declining conservation status of many shark species (Hammerschlag and 
Sulikowski 2011; Dulvy et al. 2014; Irschick and Hammerschlag 2014).  Irschick and 
Hammerschlag (2014) addressed this issue by developing Span Condition Analysis 
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(SCA), which employs a series of morphological measurements to assess shark body 
condition.  Several girth measurements and one length measurement, easily obtained in 
the field, are used to create a girth to length ratio, approximating a shark’s body shape.  
The method assumes that, because a shark’s lipid-rich liver is situated along it’s flanks, a 
girthier shark has a larger liver and, therefore, larger energy reserves; furthermore, 
healthier sharks with ample energy stores can allocate more energy to growth and, 
accordingly, increase their muscle mass (Gallagher et al. 2014b; Irschick and 
Hammerschlag 2014).   
Nutritional condition indices vary widely, and a number of biochemical metrics 
(e.g. tissue lipid content, fatty acid profiles, plasma metabolite concentrations) can be 
used to assess an organism’s energy stores (Alkanani et al. 2005; Næsje et al. 2006; 
Gallagher et al. 2017).  Overall, it’s thought that plasma metabolite concentrations signify 
the mobilization of said metabolite – either for deposition in an energy-storing tissue or 
for oxidation in peripheral tissues (Zammit and Newsholme 1979; Singer et al. 1990).  
The concentrations of certain metabolites in the plasma can indicate whether an organism 
is accumulating or expending energy.  However, these metrics should be interpreted with 
caution; fluctuations of plasma metabolite concentrations are not always related to 
condition, and the responses of these metabolites to extrinsic and intrinsic factors can 
vary widely between taxa and individuals (Larsson and Fänge 1977; Cypher and Frost 
1990; Garcia-Garrido et al. 1990; Norton et al. 2001).  This is especially true for  
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elasmobranchs, a group whose metabolic organization is unique among vertebrates and 
remains poorly studied (Zammit and Newsholme 1979; Ballantyne 1997; Speers-Roesch 
and Treberg 2010; Leigh et al. 2017) 
A few metabolites that are commonly used to study nutritional condition are 
cholesterol, free fatty acids, triglycerides, and the ketone bodies acetoacetate and β-
hydroxybutyric acid (Orešič 2009); many studies explore how the plasma concentrations 
of these metabolites vary with a number of factors across taxa, summarized in Table 1.1.  
Cholesterol, a structural lipid, is a critical component of the cell membrane, an important 
signaling molecule, and a precursor of steroid hormones, such as cortisol (Carballo et al. 
2005; Gulec et al. 2011; Gallagher et al. 2017).  Some studies associate high plasma 
cholesterol concentrations with energy accumulation and good nutritional condition, and 
low concentrations with tissue catabolism, resulting from nutritional stress (Larsson and 
Fänge 1977; Seal 1978; Cypher and Frost 1990; Furné et al. 2012; Peres et al. 2013, 
2014; Gallagher et al. 2017).  In elasmobranchs, cholesterol is diet-derived and managed 
by the liver, where it plays a key role in bile production (Ballantyne 1997).  
Elasmobranch plasma cholesterol concentrations are fairly low, relative to teleosts, but 
studies have shown these concentrations can fluctuate with life stage, sex, and season – 
likely due to reproduction and gametogenesis (Larsson and Fänge 1977; Garcia-Garrido 
et al. 1990; Ballantyne 1997; Valls et al. 2016). 
Free fatty acids are metabolically active circulatory lipids, most commonly used 
to transport lipids from energy stores to other tissues for oxidation (Larsson and Fänge 
1977; McClelland et al. 1995; Gallagher et al. 2017).  Plasma concentrations of free fatty 
acids are known to fluctuate in response to diet composition, starvation or fasting, and 
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recent feeding events (Larsson and Fänge 1977, Seal 1978; Speers-Roesch et al. 2008; 
Speers-Roesch and Treberg 2010; Wood et al. 2010; Gallagher et al. 2017).  High free 
fatty acid concentrations may signify depletion of energy reserves, possibly due to poor 
nutritional condition (Tartu et al. 2017).  These lipids play a lesser role in elasmobranch 
metabolism than in other taxa, as elasmobranchs have limited ability to oxidize free fatty 
acids in tissues other than the liver, where they are esterified into triglycerides for storage 
(Zammit and Newsholme 1979; Ballantyne 1997; Watson and Dickson 2001).  
Consequently, elasmobranchs have the lowest plasma free fatty acid concentrations 
measured in any vertebrate, and studies have shown that these concentrations are even 
lower in elasmobranchs that have recently fed (Larsson and Fänge 1977; Zammit and 
Newsholme 1979; Ballantyne 1997; Wood et al. 2010).  This post-feeding depression of 
elasmobranch plasma free fatty acid concentrations may result from reduced release of 
free fatty acids from the gut into the bloodstream, which could indicate uptake by the gut 
to fuel digestion and specific dynamic action (Wood et al. 2010). 
Triglycerides are made up of three fatty acid chains, esterified by a glycerol.  A 
major metabolic energy source for most taxa, these lipids are usually obtained via dietary 
intake and stored in adipose or liver tissue (Speers-Roesch and Treberg 2010; 
Pethybridge et al. 2014; Gallagher et al. 2017).  Some studies suggest that many taxa use 
triglycerides as a fuel for energetically exhausting events, such as migration and 
reproduction (Garcia-Garrido et al. 1990; Wagner and Congleton 2004; Vetešník et al. 
2013; Pethybridge et al. 2014; Valls et al. 2016).  Plasma triglyceride concentrations are 
considered a strong indicator of nutritional condition for most organisms, reflecting rates 
of energy accumulation and deposition (Lal and Singh 1987; Alkanani et al. 2005; 
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Gallagher et al. 2014b; Tartu et al. 2017).  Elasmobranchs utilize triglycerides primarily 
for energy storage in the liver, and blood plasma may act as additional storage for 
circulating triglycerides; triglycerides may also be mobilized via the plasma for use in 
gametogenesis (Garcia-Garrido et al. 1990; Valls et al. 2016).  Much like cholesterol, 
studies show seasonal, sexual, and ontogenetic variation in elasmobranch plasma 
triglyceride concentrations, thought to be related to sexual maturation, reproduction, and 
food availability (Valls et al. 2016). 
The ketone bodies acetoacetate and β-hydroxybutyric acid are high energy fuels 
synthesized via ketogenesis, the breakdown of fatty acids in the liver or kidneys (Watson 
and Dickson 2001; Metcalf and Gemmell 2005; McCue 2010).  Most taxa do not 
regularly rely on ketone bodies, instead utilizing them as an alternative metabolic fuel 
during periods of starvation (Zammit and Newsholme 1979; de Roos 1994; McCue 
2010).  It is thought that these molecules can be important indicators of available energy, 
and some mammalian studies indicate that the ratio of acetoacetate to β-hydroxybutyric 
acid in the blood reflects cellular energy status (Tanaka et al. 1979; Yamamoto et al. 
1980).  Due to their limited capacity for extrahepatic lipid oxidation, ketone bodies, along 
with amino acids, are the primary metabolic fuel for elasmobranchs (Zammit and 
Newsholme 1979; Ballantyne 1997; Watson and Dickson 2001; Speers-Roesch et al. 
2006; Speers-Roesch and Treberg 2010).  Synthesized by the catabolism of the fatty acid 
chains that comprise triglycerides stored in the liver, ketone bodies are mobilized via the 
blood plasma for oxidation, which occurs primarily in the heart, osmoregulatory organs 
(i.e. kidneys, rectal gland), and skeletal muscle (Ballantyne 1997).  Elasmobranch plasma 
ketone body concentrations are much higher than those of teleosts and mammals; these 
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concentrations have been known to fluctuate with food availability, activity level, 
starvation or fasting, and recent feeding events (Zammit and Newsholme 1979; de Roos 
1994; Speers-Roesch and Treberg 2010; Wood et al. 2010; Valls et al. 2016).  
 
Urban Ecology 
One factor that has the potential to impact the body and nutritional condition of 
individual organisms, and therefore the fitness and survival of the entire population, is 
urbanization (Birnie-Gauvin et al. 2016).  Earth’s population is constantly increasing and, 
consequently, the fraction of this population living in urban areas continues to grow as 
well.  In 1900, an estimated 10% of the global population resided in urban areas; in 2007, 
this percentage had grown to over 50%, reflecting a substantial shift towards urban living 
over the past century (Grimm et al. 2008).  In the United States, over 80% of the 
country’s population resides in cities and surrounding suburbs, yet urban and suburban 
land cover only 5% of the country’s surface area (Randa and Yunger 2006).  However, 
this small percentage is rising as urbanization – the modification of natural land for 
residential, commercial, or industrial use – continues to transform landscapes across the 
country to accommodate an ever-growing population (Randa and Yunger 2006; Webster 
et al. 2014).  The fraction of land classified as “urban” or “built-up” has been increasing 
drastically in the United States over time, sometimes reaching an alarming rate of over 
one million acres per year (Alig and Healy 1987).  
 As urban sprawl continues to spread, researchers are beginning to understand the 
significant, lasting effects that the alteration of natural land can have on ecosystems and 
organisms (McKinney 2002; Randa and Yunger 2006).  Habitat loss and fragmentation, 
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reduced biodiversity and species richness, and altered food webs are now characteristic of 
urban ecosystems (McKinney 2002; Grimm et al. 2008; Hellgren and Polnaszek 2011).  
The organisms that do persist in urban areas face many challenges, with potentially 
detrimental consequences.  Prolonged exposure to chronic stressors (i.e. anthropogenic 
light and noise; air, soil, and water pollution) have been associated with higher rates of 
disease and physiological stress that can result in reduced immunity, reproductive 
success, fitness, and survival (McKinney 2002; Ditchkoff et al. 2006; Murray et al. 
2015).  Anthropogenic provisioning (i.e. refuse, pet food, intentional feeding) provides an 
easily accessible food source, but often lacks nutritional value; Murray et al. (2015) 
found that coyotes (Canis latrans) utilizing anthropogenic food sources assimilated less 
protein than those with a more natural diet, while Hellgren and Polnaszek (2011) 
attributed the poor body condition of urban-dwelling woodchucks (Marmota monax) to 
reliance on anthropogenic food.  Furthermore, anthropogenic provisioning can attract 
dense aggregations of organisms, which promotes competition, intraspecific aggression, 
and disease and parasite transfer (Luniak 2004; Webster et al. 2014; Murray et al. 2015). 
 Despite these challenges, it appears that a number of organisms have adapted to 
urban living (McKinney 2002; Luniak 2004).  The behavioral and ecological plasticity of 
these generalist species, such as the red fox (Vulpes vulpes), allow them to utilize a wide 
variety of habitats and food sources (Luniak 2004; Randa and Yunger 2006).  These 
organisms make the best of urban ecosystems, taking advantage of the mild microclimate 
(i.e. urban heat island effect), refuge provided by anthropogenic structure, and abundant 
anthropogenic food (McKinney 2002; Luniak 2004; Hellgren and Polnaszek 2011; 
Webster et al. 2014).  Though detrimental to some species, anthropogenic provisioning 
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creates a reliable source of energy year-round, reducing starvation risk in urban-dwelling 
organisms (Luniak 2004; Ditchkoff et al. 2006).  Randa and Yunger (2006) noted higher 
population densities of raccoons (Procyon lotor) in urban habitats than nearby rural 
habitats; Cypher and Frost (1990) found that urban San Joaquin kit foxes (Vulpes 
macrotis mutica) had higher body and nutritional condition, and faster growth rates, than 
their nutritionally-deprived counterparts living under more natural conditions.  Both 
studies hypothesized that the observed differences between urban and natural/rural 
populations were due to the higher food and water availability in urban habitats (Cypher 
and Frost 1990; Randa and Yunger 2006). 
 Although there has been substantial research dedicated to understanding how 
terrestrial organisms are affected by and adapt to urbanization, the effects of coastal 
urbanization on marine organisms remain comparatively understudied (Kennish 2002; 
Grimm et al. 2008).  Coastal urbanization is a continuing, growing threat to marine 
ecosystems, especially nearshore ecosystems (i.e. mangrove forests, seagrass beds, coral 
reefs) that serve a critical function as essential habitat for many ecologically and 
economically valuable species (Serafy et al. 1997; Small and Nicholls 2003; Lirman et al. 
2008; Curtis et al. 2013).  Many of the most populous cities in the world, and within the 
United States, are located on or near the coast, and it’s estimated that over 75% of the 
global population will live within 60 km of a coastline by 2020 (Kennish 2002; Small and  
 
 
  
10 
Nicholls 2003).  By 2025, it’s expected that the world’s coastal population will be over 
six billion, spurring continued coastal urbanization and increasing the scope of its 
influence on marine ecosystems (Kennish 2002). 
 Like the terrestrial environment, urbanization spurs habitat loss and fragmentation 
in marine ecosystems, largely the result of shoreline development and dredging (Kennish 
2002; Browder et al. 2005).  Habitat patches that remain are often severely degraded due 
to a number of factors, including eutrophication and anthropogenic pollutants such as 
chemical contaminants (e.g. heavy metals, pesticides, petroleum hydrocarbons) and 
sewage effluent (Bowen and Valiela 2001; Kennish 2002).  Prolonged exposure to these 
pollutants can impose physiological stress on organisms, which may result in reduced 
reproductive capacity, an impaired stress response, and altered behavior – each of which 
have potential consequences for the health and fitness of both the organism, and the 
population (Lal and Singh 1987; Kennish 2002; Rodrigues et al. 2015; Tartu et al. 2017).   
Additional physiological stress for organisms in urbanized marine ecosystems can 
be created by an altered salinity regime, the result of either the diversion of freshwater 
flow from the area or the restriction of freshwater input to management canals.  These 
canals release periodic pulses of freshwater that cause rapid and drastic salinity changes, 
an osmoregulatory challenge to organisms that can lead to a change in species 
composition around the mouths of the canals (Serafy et al. 1997; Kennish 2002; Browder 
et al. 2005; Lirman et al. 2008).  Human water use also intensifies near urban population 
centers, leading to heightened boat traffic, recreational fishing pressure, and debris 
accumulation, which can cause further harm to organisms by altering natural behavior 
and movements, increasing exposure to capture and handling stress, and creating the 
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possibility of entanglement (Kennish 2002; Skomal and Mandelman 2012; Gallagher et 
al. 2014a; Crib and Seuront 2016).  In addition to these direct threats, the stressors of 
urbanized ecosystems can indirectly affect organism health by amplifying ecological 
tradeoffs (Brock et al. 2013).  Organisms have a limited amount of energy to devote to 
essential life functions; if an organism needs to devote excessive energy to immune 
activity (i.e. to combat urban pathogens) or to movement (i.e. to avoid interactions with 
humans), then it will have less energy to perform other important activities such as 
growth and reproduction (Brock et al. 2013). 
 Though some seabirds and marine invertebrates have been known to exploit 
urbanized ecosystems, it is unclear if marine vertebrates have adapted to successfully 
exploit anthropogenically-altered areas (Kuklin 2011; Brotz et al. 2012).  Anthropogenic 
structures (e.g. dock pilings, breakwaters, bridges) can provide valuable refuge in the 
absence of natural habitat, often supporting dense aggregations of a variety of fish species 
(Clynick 2007; Curtis et al. 2013).  These concentrated populations may serve as prey for 
apex and mesopredators hunting in urbanized marine ecosystems, potentially increasing 
foraging success (Clynick 2007; Curtis et al. 2013).  Predators may also learn to 
supplement their diets with anthropogenic food sources (i.e. discarded bait and fish 
scraps) in urbanized marine ecosystems; many marine predators and scavengers are 
known to frequent marinas, where these anthropogenic food sources can accumulate, and 
some predators have learned to subsidize their natural diet by exploiting bait leftover 
from fisheries activity (Castro 2000; Simpfendorfer et al. 2001; Curtis et al. 2013).  
  In recent decades, there have been several studies investigating how marine 
organisms and communities respond to individual anthropogenic stressors, such as catch 
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and release fishing (Gallagher et al. 2014a), boat traffic (Crib and Seuront 2016), sewage 
effluent (Rodrigues et al. 2015), chemical contaminants (Tartu et al. 2017), and altered 
freshwater influx (Serafy et al. 1997; Lirman et al. 2008).  However, there has been little 
research conducted to determine how urbanization, in its entirety, can affect organism 
behavior, health, and fitness (Kennish 2002).  Organisms residing in urban marine 
ecosystems must adapt to the cumulative impacts of numerous stressors; therefore, 
studying how an organism is affected by only one such stressor does not accurately 
reflect its ability to cope with and adapt to urbanization as a whole (Kennish 2002).   
 
Study Purpose, Objective, and Significance 
 One taxonomic group that is especially understudied with regards to urbanization 
is elasmobranchs (Roemer 2018).  As apex and mesopredators, healthy populations of 
sharks and rays play an important role in marine ecosystems, as their consumptive and 
non-consumptive effects on prey populations are instrumental to maintaining ecosystem 
structure and function (Estes et al. 2011; Heithaus et al. 2012; Hammerschlag et al. 
2017).  Understanding how urbanization affects elasmobranch behavior, health, and 
fitness is critical to fully comprehend the effect of urbanization on marine ecosystems 
and how these effects might be mitigated. 
 This thesis uses measurements of body condition and plasma metabolites to 
explore variation in energy storage and metabolism within a population of South Florida 
nurse sharks (Ginglymostoma cirratum).  Data was collected from 118 sharks across life  
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stages, sexes, and seasons, as well as from spatially discrete regions around Miami and in  
Biscayne Bay; statistical analyses are used to address three primary research questions:  
(1) Are body condition and plasma metabolites correlated with one another? 
(2) Does ontogenetic, sexual, or seasonal variation in body condition and plasma 
metabolites occur within this population?  
(3) Does spatial variation in body condition and plasma metabolites occur within 
this population, particularly between areas that are subject to differing levels of 
urbanization? 
 Results of this thesis will contribute to the growing knowledge base on body 
condition and plasma metabolites in free-ranging sharks.  Overall, little research has been 
done to explore elasmobranch body condition and plasma metabolites, especially in wild-
sampled shark populations (Gallagher et al. 2017; Leigh et al. 2017).  As the first 
quantitative assessment of variation in nurse shark body condition and plasma 
metabolites, this thesis expands on what is currently known about elasmobranch energy 
storage and metabolism, providing insight into how metrics are related, and how these 
metrics vary with extrinsic and intrinsic factors in a relatively understudied shark species.  
Furthermore, the proximity of the study site to the Miami metropolitan area allows for the 
exploration of the effect of urbanization on elasmobranch body condition and plasma 
metabolites, a previously untested variable.  Spatial variation in body condition and 
plasma metabolites between areas exposed to differing levels of urbanization lends 
insight into the ability of this species to adapt to a culmination of anthropogenic stressors 
in South Florida.  
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Table 1.1.  Information on common metabolites used to study nutritional condition. 
 
Metabolite Source Function Turnover 
Potential 
Influential 
Factors 
Taxa Reference 
Cholesterol Diet 
Structural 
component of 
cell membranes; 
steroid hormone 
precursor 
Days - Weeks 
Condition  
Mammals Seal 1978; Cypher and Frost 1999 
Teleosts Vetešník et al. 2013; Peres et al. 2014 
Diet Composition Teleosts Lu et al. 2013 
Environmental 
Pollutants  
Mammals Tartu et al. 2017 
Teleosts Lal and Singh 1987; Rodrigues et al. 2015 
Fasting/Starvation  
Teleosts 
Wagner and Congleton 2004; 
Furné et al. 2012; Peres et al. 
2013, 2014 
Acipenseriformes Furné et al. 2012 
Habitat Quality Mammals Seal et al. 1978 
Length/Age Elasmobranchs Gallagher et al. 2017 
Reproductive 
State  
Elasmobranchs Garcia-Garrido et al. 1990; Valls et al. 2016 
Teleosts Vetešník et al. 2013 
Season Teleosts Vetešník et al. 2013 
Stress Teleosts Carballo et al. 2005 
Free Fatty 
Acids Diet Metabolic fuel Hours - Days 
Condition  Teleosts Alkanani et al. 2005 
Fasting/Starvation Teleosts Zammit and Newsholme 1979; Alkanani et al. 2005 
Recent Feeding Elasmobranchs Wood et al. 2010 
Diet Composition Mammals Seal 1978; Seal et al. 1978 
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Metabolite Source Function Turnover 
Potential 
Influential 
Factors 
Taxa Reference 
Ketone 
Bodies 
Ketogenesis in 
liver Metabolic fuel Days - Weeks 
Fasting/Starvation 
Elasmobranchs Zammit and Newsholme 1979; de Roos 1994; Wood et al. 2010 
Teleosts Zammit and Newsholme 1979; Alkanani et al. 2005 
Recent Feeding Elasmobranchs Wood et al. 2010 
Season Elasmobranchs Valls et al. 2016 
Triglycerides Diet; synthesis in liver 
Metabolic fuel; 
energy storage Days - Weeks 
Condition  
Mammals Seal 1978 
Elasmobranchs Gallagher et al. 2014b 
Teleosts Peres et al. 2013; Vetešník et al. 2013; Mesa and Rose 2015 
Diet Composition Teleosts Lu et al. 2013 
Environmental 
Pollutants  
Mammals Tartu et al. 2017 
Teleosts Lal and Singh 1987; Gulec et al. 2011; Rodrigues et al. 2015 
Fasting/Starvation Teleosts Wagner and Congleton 2004; Alkanani et al. 2005; Peres et al. 2013, 2014 
Habitat Quality Mammals Seal 1978 
Reproductive State  
Elasmobranchs Garcia-Garrido et al. 1990 
Teleosts Vetešník et al. 2013 
Season 
Elasmobranchs Valls et al. 2016; Gallagher et al. 2017 
Teleosts Nӕsje et al. 2006; Vetešník et al. 2013 
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Chapter 2 – Assessment of Variation in Body Condition and Plasma Metabolites 
within a Population of Nurse Sharks (Ginglymostoma cirratum) in South Florida 
 
Background 
 Condition is a valuable representation of health because the amount of energy 
available to an organism governs its ability to perform essential activities such as growth, 
reproduction, immune response, migration, and foraging (Lambert and Dutil 1997; 
Irschick and Hammerschlag 2014; Leigh et al. 2017).  Accomplishing these functions is a 
critical component of organism fitness and contributes to its capacity to successfully 
reproduce and survive (Zera and Harshman 2001).  Variation in condition within a 
population results in differing individual fitness, reproductive success, and survival rates; 
high condition individuals (i.e. ample energy stores) will be able to successfully grow, 
forage, migrate, and reproduce, while low condition individuals (i.e. low energy stores) 
may only have enough energy to perform a few of these functions successfully (Irschick 
and Hammerschlag 2014).  Within-population variation can occur naturally, but may also 
be a result of various energetically-taxing internal processes (i.e. reproduction, 
gametogenesis, immune activity) or external factors (i.e. prey availability, habitat quality, 
predation risk) – studying condition in relation to such factors may shed light onto how 
these intrinsic and extrinsic factors can affect organism fitness and health (Hussey et al. 
2009). 
 Overall, there has been relatively little research to assess the body condition and 
plasma metabolites of wild elasmobranch populations and how these parameters vary 
with potentially influential factors (Hussey et al. 2009; Gallagher et al. 2017).  Hussey et 
  
17 
al. (2009) opportunistically assessed the hepatosomatic index (i.e. body condition) of 
over 2,000 individual dusky sharks (Carcharhinus obscurus), noting ontogenetic, 
seasonal, and sexual variations in body condition; it was hypothesized that these changes 
were related to migration, gestation and parturition, and seasonal differences in prey 
availability.  Irschick and Hammerschlag (2014) evaluated the body condition of four 
shark species: tiger (Galeocerdo cuvier), bull (Carcharhinus leucas), blacktip 
(Carcharhinus limbatus), and nurse (Ginglymostoma cirratum) using span condition 
analysis (SCA).  The study determined that there was a significant difference in body 
condition between the four species; only one species (nurse shark) had a high enough 
sample size to test for sexual variation, which was not significant.  Logan et al. (2018) 
measured the body condition of juvenile white sharks (Carcharodon carcharias) and 
tested for sexual variation, which was insignificant.   
Gallagher et al. (2014b) found a significant, positive correlation between body 
condition (SCA) and plasma triglyceride concentrations in tiger sharks, but did not test 
for ontogenetic, sexual, or seasonal differences.  In a similar study, Hammerschlag et al. 
(2018) also investigated tiger shark body condition (SCA) and plasma triglyceride 
concentrations, exploring how these metrics varied with reproductive state and 
reproductive hormones.  While this study did not detect the same significant, positive 
correlation between SCA and plasma triglycerides identified by Gallagher et al. (2014b), 
results did reveal some variation in the metrics with reproductive state and reproductive 
hormones: body condition varied significantly between reproductive states, but plasma 
triglyceride concentrations did not, and plasma estradiol in immature sharks was 
significantly positively correlated with plasma triglycerides and significantly negatively 
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correlated with body condition (Hammerschlag et al. 2018).  As heightened estradiol is 
considered an indicator of vitellogenin production, it was hypothesized that these 
correlations could be related to sexual maturation (Hammerschlag et al. 2018). 
Garcia-Garrido et al. (1990) assessed the blood serum metabolites of small-
spotted catsharks (Scyliorhinus canicula), revealing ontogenetic and sexual variation in 
serum concentrations of cholesterol and triglycerides, thought to be related to 
gametogenesis.  Valls et al. (2016) also found ontogenetic and sexual, as well as seasonal, 
variation in plasma concentrations of triglycerides, cholesterol, and β-hydroxybutyric 
acid in small-spotted catsharks; it was hypothesized that an observed peak in plasma 
triglycerides and cholesterol, and corresponding decrease in β-hydroxybutyric acid, may 
be related to high food availability in the summer, while high variation in plasma β-
hydroxybutyric acid in the winter may be related to increased physical activity.  
Gallagher et al. (2017) assessed the plasma metabolites of tiger, bull, blacktip, and nurse 
sharks, revealing significant differences between species, and species-specific seasonal 
variation in concentrations of cholesterol, triglycerides, and free fatty acids.  Both 
Irschick and Hammerschlag (2014) and Gallagher et al. (2017) demonstrated significant 
differences in body condition and plasma metabolites between sympatric species with 
different life histories that feed at different trophic levels – this highlights the need to 
study species-specific ontogenetic, sexual, seasonal, and spatial variation in  
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elasmobranch condition, as this taxon is highly diverse, encompassing species with a 
large variety of reproductive modes, foraging strategies, and other energetic costs 
(Compagno 1990). 
One variable that has an unknown influence on shark body condition and plasma 
metabolites is urbanization.  A review by Knip et al. (2010) detailed several aspects of 
urbanization that could detrimentally affect sharks, most notably habitat degradation, 
pollution, and fisheries exploitation.  Nearshore habitat can be significantly degraded by 
the construction, dredging, and deforestation associated with coastal development; some 
studies reported reduced survival rate and an emaciated appearance in sharks utilizing 
these developed nearshore areas (Knip et al. 2010).  Pollutants (i.e. chemical 
contaminants, excess nutrients, sewage effluent), carried into nearshore marine habitats 
by terrestrial runoff, have been linked to anoxia, lower ecosystem productivity, damage 
to prey populations, and a decrease in the overall health of coastal communities (Kennish 
2002; Knip et al. 2010).  Furthermore, there is evidence that some of these pollutants may 
disrupt the internal biological processes of sharks; Gelsleichter et al. (2005) inferred that 
high rates of infertility in a population of bonnethead sharks (Sphyrna tiburo) were the 
result of exposure to organochloride pollutants, and Cullen et al. (2019) measured 
potentially toxic levels of PCBs in bull, blacktip, and bonnethead sharks sampled within a 
bay subject to severe anthropogenic impacts.  Finally, commercial and recreational  
fishing pressure, often exacerbated near urban areas, can create a localized fishery that 
can deplete surrounding populations of sharks and their prey, and increase their exposure 
to capture and handling stress (Knip et al. 2010; Gallagher et al. 2014a).   
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Sharks utilizing urbanized coastal habitats are faced with a culmination of 
anthropogenic stressors (Knip et al. 2010).  Because sharks are highly mobile, they could 
easily move on to other habitats when conditions are no longer favorable; therefore, 
sharks that persist in these areas must either cope with, or adapt to, the effects of these 
stressors (Knip et al. 2010; Roemer 2018).  Sharks may continue to frequent these 
habitats because, under natural conditions, nearshore marine ecosystems are highly 
productive and offer diverse habitat that many shark species use as nursery, foraging, and 
mating grounds (Knip et al. 2010).  Additionally, several species display some degree of 
philopatry, which may cause them to return to the same area regardless of diminishing 
habitat quality (Knip et al. 2010).  It is also possible that sharks are attracted to these 
altered ecosystems, exploiting resources such as anthropogenic structure and food 
sources; active tracking by Curtis et al. (2013) demonstrated that juvenile bull sharks 
spent significant time in human-altered habitats (i.e. marinas, dredged creeks and 
channels, power plant outflows), and a passive telemetry study by Roemer (2018) 
revealed that great hammerhead, bull, and nurse sharks seemed to prefer urbanized 
habitat relative to nearby more natural habitat.  Sharks in these areas may be taking 
advantage of dense prey aggregations, often supported by anthropogenic structure, or  
anthropogenic food (i.e. discarded fish scraps, leftover bait) which can be easily accessed 
and highly concentrated in some areas (Castro 2000; Simpfendorfer et al. 2001; Clynick 
2007; Curtis et al. 2013; Roemer 2018).   
In South Florida, coastal development threatens the health of many marine 
ecosystems and species; the Miami metropolitan area is the eighth largest urban area in 
the United States, with a population that grows by about 200,000 people per year 
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(Browder et al. 2005; United States Census Bureau 2019).  Habitat alteration and 
degradation associated with the development of Miami is well-documented, and the 
waters directly adjacent to the city suffer from loss of nearshore habitat (i.e. mangrove 
forests, seagrass beds), increased boat traffic, diminished water quality, and increased 
levels of pollutants and nutrients (Serafy et al. 2003; Browder et al. 2005; Lirman et al. 
2008).  Despite these harsh conditions, several shark species are known to utilize the 
urbanized habitat surrounding Miami (Roemer 2018).  The most common shark species 
in these altered habitats is the nurse shark (Hammerschlag, unpublished data).  This 
species is seemingly abundant throughout the southwestern subtropical Atlantic but 
remains understudied and is listed as “Data Deficient” by the International Union for 
Conservation of Nature (IUCN) (Rosa et al. 2006).  Nurse sharks are assumed to be fairly 
hardy; they are often kept successfully in captivity and have a high tolerance for capture 
and handling stress (Castro 2000; Gallagher et al. 2014a).  It is possible that this 
“hardiness” enables this species to cope with the stressors of urbanized habitat, exploiting 
a niche that other, less tolerant species are unable to fill. Contrarily, nurse sharks may  
have a maladaptive fidelity to urbanized habitat, drawn in by plentiful prey and 
anthropogenic food sources, but still impacted by exposure to chemical pollutants or 
increased human activity, which could be detrimental to their health.  
The objective of this study was to assess the body condition and plasma 
metabolites of nurse sharks sampled across life stages, sexes, seasons, and spatial 
locations in South Florida.  Data was collected to address the following research aims: (1) 
determine if and how body condition and plasma metabolites are correlated in nurse 
sharks; (2) assess how body condition and plasma metabolites vary with potentially 
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influential factors (i.e. life stage, sex, season); and (3) explore spatial variation in body 
condition and plasma metabolites, with respect to urbanization.  The results of this study 
contribute to the growing knowledge base on the body condition and plasma metabolites 
of wild elasmobranch populations and are especially valuable given the “Data Deficient” 
listing of this species by the IUCN (Rosa et a. 2006).  Furthermore, the study site in 
South Florida provides the unique opportunity to sample sharks belonging to the same 
population in both highly urbanized and relatively pristine habitats; assessing the spatial 
variation of body condition and plasma metabolites within this population may lend 
insight into the ability of this species to cope with or adapt to the stressors of 
urbanization. 
 
Materials and Methods 
Study Site 
Biscayne Bay and the Coastal Waters of Miami 
 Biscayne Bay (25.56° N, 80.22° W) is a coastal lagoon located in subtropical 
southeast Florida, USA (Fig. 2.1).  Due to the increased development of South Florida 
and the Miami area, the lagoon has undergone varying levels of anthropogenic 
disturbance over the past century; consequently, the northern portion of Biscayne Bay is 
highly urbanized, while the southern portion remains more natural, despite some 
anthropogenic alteration (Caccia and Boyer 2005).  To the west, it is bordered by the 
Florida mainland; to the east the northern Bay is bounded by a series of barrier islands, 
and the central and southern areas of the Bay are bounded by the northernmost reaches of 
the Florida Keys archipelago (Serafy et al. 2003; Lirman et al. 2008).  Spanning the 
  
23 
length of Miami-Dade County, Biscayne Bay is approximately 65 km long and 15 km 
across at its widest point (Lirman et al. 2008).  Its average depth is 2 meters, and, under 
natural conditions, the lagoon harbors several nearshore coastal ecosystems, such as 
mangrove forests, seagrass beds, and coral reefs (Serafy et al. 2003; Lirman et al. 2008).   
 Though these ecologically and economically important ecosystems still exist 
throughout Biscayne Bay, many of them have been subject to severe anthropogenic 
disturbance as the Miami metropolitan area continues to expand (Serafy et al. 2003; 
Browder et al. 2005).  With a population of over 2.7 million, Miami-Dade County is the 
seventh most populous county in the United States and continuing to grow; in the past ten 
years alone, the population has increased by more than 200,000 (United States Census 
Bureau 2019).  The vast majority of this population is situated on the mainland and 
barrier islands surrounding the northern portion of Biscayne Bay– consequently, many of 
the habitats in this area have undergone extreme anthropogenic alteration (Browder et al. 
2005).  Development of Miami’s coastline has resulted in an approximately 80% 
reduction of mangrove forest, and this critical refuge and nursery habitat has largely been 
replaced by concrete seawalls and limestone boulders (Serafy et al. 2003).   
Further habitat alteration has occurred due to dredging projects, which have 
removed much of the seagrass and calcareous macroalgae benthos in the northern Bay 
(Browder et al. 2005).  Much of this dredging has occurred to expand the bustling 
PortMiami, which serves as a docking and loading point for over 2,000 cargo and cruise 
ships each year (Miami-Dade County 2019).  These large commercial vessels contribute 
to heightened boat traffic in the northern part of the Bay, which threaten the few, patchy  
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submerged aquatic vegetation (SAV) communities that do remain, both directly (e.g. prop 
scarring) and indirectly (e.g. shading due to sediment suspension) (Browder et al. 2005; 
Lirman et al. 2008). 
Compounding the physical alteration of coastal and benthic habitat is degraded 
water quality, typical of coastal urbanization (Browder et al. 2005).  The northern area 
has the highest average chlorophyll-a concentrations in Biscayne Bay and, over the last 
few decades, these concentrations have been increasing at a heightened rate, when 
compared to central and southern bay (Millette et al. 2019).  The Miami River and its 
tributary, Wagner Creek, have the highest sediment levels of trace metals and 
environmentally damaging chemicals (e.g. PCB, pesticides) measured in Florida; high 
concentrations of these contaminants are found in many of Miami’s rivers, canals, and 
marinas (Browder et al. 2005; Carnahan et al. 2008).  Input from these rivers, as well as 
urban runoff, deposit these pollutants directly into Biscayne Bay, which may contribute 
to deformities observed in some fish species sampled within these anthropogenically-
altered habitats (Browder et al. 2005). 
While still subject to some anthropogenic influence, the central and southern area 
of Biscayne Bay retains much more of its natural habitats.  South of the city, land use in 
Miami-Dade County is primarily suburban and rural, and larger stretches of coastal 
habitat remain intact (Browder et al. 2005).  From central to southwest Biscayne Bay, 
mangrove (mainly red mangrove, Rhizophora mangle) coverage increases by a factor of 
24, providing valuable nursery habitat and refuge for both fish and invertebrates (Serafy 
et al. 2003, 2007).  Natural benthic communities are also more common in central and 
southern Biscayne Bay, where the benthos is dominated by seagrass (primarily turtle, 
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Thalassia testudinum; manatee, Syringodium filiforme; and shoal grass, Halodule 
wrightii) and macroalgae (e.g. Halimeda spp., Caulerpa spp.) beds, peppered with 
sponges and hard and soft corals (Browder et al. 2005; Lirman et al. 2008).  This 
prevalence of less-altered habitat likely contributes to the southward increase in fish 
abundance along the Bay’s mainland shoreline, observed by Serafy et al. (1997).  These 
increases in both habitat availability and fish abundance may be attributed to Biscayne 
National Park (BNP), which garnered federal protection for 181,000 acres of central and 
southern Biscayne Bay when it was established as a national monument in 1968 and re-
designated as a national park in 1980 (Hudson et al. 1994; Browder et al. 2005). 
 Compared to northern Biscayne Bay, the ecosystems of the central and southern 
Bay have undergone far less direct, physical alteration; however, anthropogenic influence 
is still apparent in some areas.  High concentrations of nitrogen, phosphorus, and 
chlorophyll-a have been recorded in BNP’s inshore waters, particularly near canal 
mouths and marinas (Ogden et al. 1994; Millette et al. 2019).  This nutrient influx is 
likely the result of agricultural runoff, as much of southern Miami-Dade County is 
consumed by farmland (Browder et al. 2005; Carey et al. 2011).  In addition to nutrient 
loading, other changes to Biscayne Bay’s drainage basin have caused ecological damage.  
Overtime, the development of South Florida spurred the construction of a series of water 
management canals to direct the outflow of freshwater from the Everglades, heavily 
altering freshwater input to Biscayne Bay from continuous groundwater influx to periodic 
discharge (Langevin 2003).  Areas surrounding the mouths of these canals experience 
rapid and drastic fluctuations in salinity; species unable to tolerate these extreme 
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conditions either leave the area or die, leading to a loss of diversity and species richness 
in both fish and benthic communities (Serafy et al. 1997; Lirman et al. 2008).    
Oceanside of Biscayne Bay, seagrass beds give way to sediment-dominated 
seafloor until reaching a series of three parallel ridges, about 2 – 5 km from the eastern 
edge of the Bay (Banks et al. 2008).  Upon these ridges lies the Florida Reef Tract, the 
third largest barrier reef system in the world, which begins offshore of Palm Beach 
County and terminates at the western end of the lower the Florida Keys (Banks et al. 
2008; Maliao et al. 2008).  The northern extent of the reef is dominated by soft coral, 
macroalgae, and sponges; most of the reef-building hard corals in this area are massives 
(Siderastrea spp., Montastraea spp.), and branching corals native to South Florida 
(Acropora spp.) are relatively rare (Banks et al. 2008).  Though water quality offshore is  
overall better than within the confined Biscayne Bay, runoff from Miami carrying sewage 
and sediment has been shown to contribute to slower growth for some coral species 
(Hudson et al. 1994). 
Key West and the Dry Tortugas 
  The Florida Keys is a subtropical carbonate archipelago that stretches 220 km 
from Soldier Key, just south of Miami, along the Southwest Florida Shelf to the Dry 
Tortugas (Lapointe and Clark 1992; Ogden et al. 1994; Hoch et al. 2008).  To the north 
and west of the island chain is Florida Bay and the Gulf of Mexico; to the south and east 
are the Straits of Florida and the Atlantic Ocean (Lapointe and Clark 1992).  Between the 
islands and the Straits of Florida lies the southern and western extent of the Florida Reef 
Tract, which ends about 32 km west of Key West, at the Marquesas Keys (Maliao et al. 
2008).  The most significant reef growth occurs in the Upper Keys (from Key Largo to 
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Long Key) and the Lower Keys (Little Duck Key to the Marquesas Keys); hyper-saline, 
nutrient-rich water from Florida Bay seeps between the islands to the barrier reef in the 
Middle Keys, creating conditions that are less ideal for coral growth (Maliao et al. 2008). 
 In 1990, 9,600 km2 of water surrounding the Florida Keys received federal 
protection as a part of the Florida Keys National Marine Sanctuary (FKNMS) (Lapointe 
et al. 2004; Maliao et al. 2008).  Located at the western end of the FKNMS Lower Keys 
Management Zone, Key West (24.56° N, 81.78° W) is the largest city in the Florida Keys 
(Monroe County) with a population of over 24,500 (Key West Chamber of Commerce 
2019) (Fig. 2.2a).  Over the past century, development of the Lower Keys and Key West 
has threatened nearby marine ecosystems (e.g. dredge and fill canalization, sewage 
runoff), but healthy natural habitats are still prevalent in the waters surrounding the island 
(Schomer and Drew 1982; Lapointe and Clark 1992).  Seagrass beds, mangrove islands, 
and coral reefs support diverse communities of fish and invertebrates, in part due to the 
additional protection from smaller ecological reserves and management areas within 
FKNMS (i.e. Key West National Wildlife Refuge, Lower Harbor Keys Wildlife 
Management Area, Western Sambo Ecological Reserve) (Schomer and Drew 1982; 
Eggleston and Dahlgren 2001; Chiappone et al. 2002; Cox and Hunt 2005). 
 About 108 km west of Key West lies the Dry Tortugas, a cluster of seven islands 
marking the western end of the Florida Keys and FKNMS (Schomer and Drew 1982) 
(Fig. 2.2b).  After the establishment and expansion of Fort Jefferson National Monument 
in 1935 and 1983, respectively, the area was redesignated as Dry Tortugas National Park 
in 1992 (National Park Service 2018).  The isolation of the islands limits human access, 
promoting healthy water quality ideal for coral growth; in fact, the coral reef and lagoon 
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habitats of the Dry Tortugas harbor the highest coral cover in the entire Florida Keys, and 
there is evidence that critically endangered branching corals (especially Acropora 
cervicornis.) are increasing in number there as well (Murdoch and Aronson 1999; 
Aronson et al. 2008; Lidz and Zawada 2013).  These diverse reefs, along with seagrass 
communities, support abundant reef fish and invertebrate populations including 
economically valuable species such as snapper (Family: Lutjanidae), grouper 
(Epinephelus spp. and Mycteroperca spp.), and spiny lobster (Panulirus argus) 
(Bertelson and Matthews 2001; Ault et al. 2006).  It should also be noted that the Dry 
Tortugas is home to a known nurse shark (Ginglymostoma cirratum) breeding and 
nursery ground – a sandy, shallow lagoon that the sharks inhabit seasonally to mate and 
give birth (Carrier and Pratt 1998; Pratt et al. 2018). 
Study Species 
 The nurse shark is a large-bodied, coastal shark species that is widespread 
throughout the tropical and subtropical western Atlantic Ocean (Heithaus et al. 2007; 
Ward-Paige et al. 2010).  Despite its perceived abundance, information on the life history 
and ecology of this species has become available only recently (Castro 2000).  
Furthermore, the population dynamics and connectivity of nurse sharks remains 
understudied, resulting in a “Data Deficient” listing by the IUCN (Castro 2000, Rosa et 
al. 2006).   
 Growing to a maximum length of about 300 cm, females of this ovoviviparous 
species reach sexual maturity between 223 – 231 cm, while males reach maturity at 214 
cm (Castro 2000).  Nurse shark mating occurs in the early summer (May – July) and 
parturition occurs in the early winter (November – December); this species has a biannual 
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reproductive cycle, with females abstaining from breeding activities every other year 
during gametogenesis (Castro 2000; Pratt et al. 2018).  Neonate and juvenile sharks 
primarily inhabit shallow water mangrove, seagrass, and patch reef habitat, where they 
seek refuge from predators such as great hammerhead (Sphyrna mokarran) and tiger 
sharks (Galeocerdo cuvier) (Castro 2000; Roemer et al. 2016).  Adult and subadult nurse 
sharks prefer deeper reef, hardbottom, and seagrass habitat, but they are still known to 
venture into the shallows, especially during mating season (Carrier and Pratt 1998; Castro 
2000).  During the day, nurse sharks of all life stages can be found partially or completely 
concealed under rocks and ledges, often in dense aggregations; at night, this generalist 
predator becomes much more active as it ventures out to scavenge or hunt small teleosts 
(e.g. grunts, snapper) and invertebrates (e.g. crustaceans, mollusks) (Castro 2000; Garla 
et al. 2016; Whitney et al. 2016). 
Nurse sharks are fairly sedentary, especially when compared to other shark 
species with which they share habitat (Chapman et al. 2005; Whitney et al. 2016; Roemer 
2018).  This is reflected by their extremely low metabolic rate, the lowest measured in 
any shark species, and high energy cost when switching from resting to active states (i.e. 
proportional cost of activity) (Whitney et al. 2016).  Despite this perceived sluggish 
behavior, recent research has shown that nurse shark movement varies widely within the 
species (Ferreira et al. 2013; Garla et al. 2016; Pratt et al. 2018; Roemer 2018).  A 
passive acoustic telemetry study by Chapman et al. (2005) determined that nurse sharks 
in Glover’s Reef Marine Reserve, Belize exhibit high residency and site fidelity, 
especially compared to Caribbean reef sharks (Carcharhinus perezi) in the same area.  
Conversely, Garla et al. (2016) used passive acoustic telemetry to demonstrate that 
  
30 
juvenile nurse sharks in Fernando de Noronha archipelago, Brazil exhibited strong site 
fidelity, but not long-term residency.  Similar studies by Ferreira et al. (2013) and Pratt et 
al. (2018) have revealed that some members of the species undergo partial migration.  In 
Brazil, Ferreira et al. (2013) found that female nurse sharks were resident year-round but  
males were completely absent from the area for five months of the year, while Pratt et al. 
(2018) detected both male and female sharks up to 300 km away from their tagging site 
in the Dry Tortugas. 
Nurse sharks tracked using passive acoustic telemetry within Biscayne Bay 
exhibit strong residency and site fidelity (Roemer 2018).  Of 16 sharks tagged in northern 
Biscayne Bay, only one was detected in the southern part of the Bay (Roemer 2018).  
Nurse sharks also exhibited a longer average residency in more anthropogenically-altered 
habitats than both great hammerhead and bull sharks (Carcharhinus leucas) and also had 
the smallest activity space of the three species (Roemer 2018).  Considering these 
patterns of high residency and site fidelity, as well as their abundance throughout the 
study site, nurse sharks are an ideal model organism to explore potential spatial variation 
in body condition and plasma metabolites (Roemer 2018; Hammerschlag, unpublished 
data).  Because of this species’ tendency to utilize the same area over long periods of 
time, the data collected from each nurse shark is likely representative of the quality of life 
at the sampling location; conversely, the same data collected from another species may 
not represent the sampling location as accurately, as a more transient organism may be 
utilizing the area only temporarily (Chapman et al. 2005; Roemer 2018).   
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Field Sampling 
 Sampling occurred within Biscayne Bay and the Miami area between April 2015 
– July 2018 across both dry (November – April) and wet seasons (May – October).  
Additional sampling was conducted around Key West and in the Dry Tortugas in May 
2018.  The majority of sharks sampled were captured using a standardized drumline 
fishing system, as described by Gallagher et al. 2014(a), though a small subset (< 10) 
were captured via hook and line fishing.  Depicted in Figure 2.3, the drumline system 
consists of a weighted, concrete drum (~20 kg) that sits on the seafloor, with an eyebolt 
protruding from the top; attached to this eyebolt is approximately 10 m of braided rope, 
connecting the drum to a pair of floats at the surface.  Attached to the shank of the drum’s 
eyebolt is about 22 m of 400 kg test monofilament, terminating at a 13/0 or 16/0 circle 
hook baited with great barracuda (Sphyraena barracuda), false albacore (Euthynnus 
alletteratus), or ladyfish (Elops saurus).  Ten drumlines were deployed in a transect line 
at each sampling location and left to soak for one hour.  After an hour had passed, the 
drumlines were retrieved and redeployed in the order they were set.  Hook and line 
fishing consisted of a 7/0 circle hook, baited with great barracuda or jack (Family: 
Carangidae), attached to a rod and reel system. 
 When a shark was caught on the line, it was quickly reeled in and secured 
alongside the boat or on a semi-submerged platform (drumline system), or atop a 
concrete seawall (hook and line).  Once the shark was secure, a routine tagging and 
sampling process (i.e. sex determination, morphological measurements, mark-recapture 
tagging, tissue sampling, blood collection) commenced; for male sharks, sexual maturity 
was also determined by assessing the extent of calcification of the claspers.  The 
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sampling process took no more than seven minutes.  Upon completion, the hook was 
removed from the shark’s mouth and the shark was released in good condition. 
Morphological Measurements and Determination of Body Condition 
 During the routine sampling process, a measuring tape was used to collect seven 
morphological measurements, to the nearest cm, across the dorsal surface of each shark.  
Of the three length (i.e. pre-caudal length, fork length, total length) and four girth 
measurements (i.e. lateral span, frontal span, proximal span, caudal keel circumference) 
obtained, five were used to calculate a metric of shark body condition, Span Condition 
Analysis (SCA), developed by Irschick and Hammerschlag (2014).  Figure 2.4 depicts 
the following measurements used in the SCA calculation: (1) pre-caudal length (PCL), 
the distance from the tip of the shark’s snout to the point where the caudal fin meets the 
body; (2) lateral span (LS), the distance spanning the surface of the shark between the 
insertion points of the pectoral fins; (3) frontal span (FS), the distance spanning the 
surface of the shark between lines parallel to the frontal plane, extending from the 
pectoral fins to the caudal fin, measured at the anterior insertion point of the first dorsal 
fin; (4) proximal span (PS), the distance spanning the surface of the shark between lines 
parallel to the frontal plane, extending from the pectoral fins to the caudal fin, measured 
at the posterior insertion point of the first dorsal fin; and (5) caudal keel circumference 
(CKC), the circumference at the base of the caudal fin, measured around the caudal 
peduncle.  Once measurements were collected, the body condition of each shark was 
calculated using the following equation:  
SCA	=	∑(LS	+	FS	+	PS	+	CKC)PCL  
 
  
33 
Blood Collection and Plasma Metabolite Analysis 
 During the aforementioned routine sampling process, 6-10 mL of blood was 
drawn from the caudal vein of each shark using an 18-gauge hypodermic needle and a 10 
mL syringe.  Depending on the amount of blood obtained, whole blood was aliquoted 
into four – six 1.5 mL microcentrifuge tubes and centrifuged for about 2 minutes at  
5,000 – 6,000 rpm, thereby separating plasma from the whole blood.  The plasma was 
transferred to 2 mL cryovials and stored on ice, until returning to the laboratory at which 
point vials were stored in a -20° C freezer. 
 Five nutritional metabolic assays were conducted in triplicate on the plasma 
samples to determine concentrations of the following: cholesterol (in milligrams per 
deciliter; EnzyChromTM Cholesterol Assay Kit; BioAssay Systems; Hayward, CA, USA), 
free fatty acids (in micromolar; EnzyChromTM Free Fatty Acid Assay Kit; BioAssay 
Systems), triglycerides (in millimoles per liter; EnzyChromTM Triglyceride Assay Kit; 
BioAssay Systems), acetoacetate (in millimolar; EnzyChromTM Ketone Body Assay Kit; 
BioAssay Systems) and β-hydroxybutyric acid (in millimolar; EnzyChromTM Ketone 
Body Assay Kit; BioAssay Systems).  All assays were performed using a 96-well 
microplate absorbance reader (Tecan Sunrise; Tecan; Grödig, Austria).  Triglyceride and 
free fatty acid assays were read at 570 nm, while cholesterol, acetoacetate, and β-
hydroxybutyric acid assays were read at 340 nm.  The concentration of each metabolite 
was determined using the appropriate standard curves.  Negative concentrations (i.e. 
below the detection limit of the assay kit) were treated as zeros; the detection range of 
each assay kit is displayed in Appendix A, Table A.1.  
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Data Analysis 
 Prior to statistical testing, residuals of the data were assessed for normality via 
Shapiro-Wilks test and visual examination of Q-Q normal plots.  To meet the parametric 
assumption of normality, transformations were attempted for any variable with non-
normal residuals.  First, a log transformation of the residuals was attempted; if this 
successfully normalized residuals, the inverse of the transformation was used on the 
corresponding variable (i.e. raising e to the power of the variable).  If a log 
transformation did not normalize the residuals, a square root transformation was 
attempted.  If the square root transformation successfully normalized the residuals, then 
the inverse of the transformation was used on the corresponding variable (i.e. squaring 
the variable).  If neither transformation was able to normalize the residuals, then the 
variable violated the parametric assumption of normality and a nonparametric test was 
used.   
 The following analyses were performed only on data collected from sharks 
sampled within the Biscayne Bay and Miami study site, unless otherwise noted.  Potential 
linear relationships between measured metrics (i.e. body condition and plasma 
triglycerides, cholesterol, free fatty acids, acetoacetate, and β-hydroxybutyric acid) were 
explored using Pearson’s correlation matrix.  Pearson’s correlation matrices were 
performed separately, according the following three life stage-sex categories: immature, 
mature female, and mature male.  To determine if nurse shark body condition and plasma 
metabolites varied across these life stages and sexes, a one-way analysis of variance 
(ANOVA) was used to test for significant differences.  In cases where data did not meet 
the ANOVA assumption of homogenous variance, assessed using the Levene’s test, 
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Welch’s ANOVA was used.  If an ANOVA yielded a significant result, the appropriate 
post-hoc test was used: Tukey for ANOVA and Games-Howell for Welch’s ANOVA. 
 To explore if seasonal variation in nurse shark body condition and plasma 
metabolites existed, independent sample t-tests were used to compare metric values of 
nurse sharks sampled in the dry (Nov – Apr) and wet seasons (May – Oct).  Because no 
immature sharks were sampled in the wet season, only mature sharks were included in 
this analysis.  When data did not meet the independent sample t-test assumption of 
homogenous variance, assessed using the Levene’s test, Welch’s t-test was used.  To 
further investigate potential seasonal variation, independent sample t-tests and Welch’s t-
tests (when appropriate) were used to test for differences in metrics by sex, both within 
and between seasons. 
 To explore potential spatial variation in nurse shark body condition and plasma 
metabolites, sampling effort was focused in two distinct zones of Biscayne Bay: (1) a 
Metropolitan zone, encompassing water directly adjacent to land classified as "most 
impacted" by urbanization by Roemer (2018), characterized by developed land with 
higher human population densities and percentages of impervious surface; and (2) a 
National Park zone, encompassing waters protected by the eastern portion of Biscayne 
National Park, where nearby land is classified as "least impacted" by urbanization, 
characterized by forest and wetland with lower human population densities and 
impervious surface percentages than land included within the Metropolitan zone (Fig. 
2.5).  In the Metropolitan zone, the level of urban impact on water quality varies, but 
chlorophyll-a levels are historically highest in this, and more northern areas, of Biscayne 
Bay due to significant freshwater input; the National Park zone, conversely, is located 
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where Biscayne Bay meets the Atlantic Ocean and water quality is more stable (Millette 
et al. 2019).  Urban impact in each zone was determined by Roemer (2018), who used a  
habitat reclassification that considers land use and water quality variables associated with 
urbanization to assess the impact of urbanization across Biscayne Bay, similar to the 
methodology used by Murphy et al. (2019).  
 Independent sample t-tests were used to compare body condition and plasma 
metabolite values between sharks sampled within the Metropolitan zone and National 
Park zone.  When data did not meet the independent sample t-test assumption of 
homogenous variance, assessed using the Levene’s test, Welch’s t-test was used.  
Additionally, the relationship between measured metrics and the distance between shark 
sampling location and the Miami city center was tested.  The location of Miami’s city 
center was determined using ArcGIS Pro Version 2.3.2 and Miami-Dade County 
municipal data, which included the boundaries of all municipalities within the county 
(Miami-Dade County 2018).  Using the ArcGIS Pro “Feature to Point” tool, a point 
representing the city center was created at the geographical center of the Miami 
municipality.  Then, the “Generate Near Table” tool was used to measure (in meters) the 
distance between the Miami city center point and each sampling location.  Once distances 
were obtained, Pearson’s correlation matrix was used to test the linear correlations 
between measured metrics and distance from city center.  Only immature nurse sharks 
were included in spatial analyses, due to an absence of mature sharks in the Metropolitan 
zone.  
 Preliminary analysis was performed to assess if nurse shark body condition and 
plasma metabolites vary on a larger spatial scale (i.e. 100’s km), using data gathered from 
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opportunistic sampling in the Florida Keys.  Independent sample t-tests were used to 
compare body condition and plasma metabolite values of nurse sharks sampled in the 
Biscayne Bay/Miami region to those sampled in the Florida Keys region.  Only mature 
nurse sharks were included in this analysis, as there were no immature sharks sampled in 
the Florida Keys region.  Plasma free fatty acid data violated the parametric assumption 
of normality for this subset of nurse sharks, and therefore the nonparametric Mann-
Whitney U test was used to assess differences in plasma free fatty acid concentrations 
between the two regions.  In addition to comparing all mature sharks sampled in 
Biscayne Bay/Miami and the Florida Keys, independent sample t-tests were also used to 
examine differences between the body condition and plasma metabolite values of male 
sharks sampled in the two regions and values of female sharks sampled in the two 
regions. 
 For all statistical analyses, significance was defined as p < 0.05.  Analyses were 
performed in SPSS Version 25 (IBM; Armonk, NY, USA). 
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Figure 2.1. Map of the primary study site, Biscayne Bay and Miami, FL, USA. 
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Figure 2.2.  Map of additional study sites in (a) Key West and (b) the Dry Tortugas, FL, 
USA. 
(a) 
(b) 
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Figure 2.3.  Diagram of a drumline fishing system: (a) pair of bullet floats; (b) poly ball 
float; (c) braided rope connecting floats to submerged drum, ~10 m; (d) weighted cement 
drum, ~20 kg; (e) hook timer; (f) single-strand mainline of ~400 kg test monofilament, 
~20 m; (g) double-strand leader of ~400 kg test monofilament, ~3.5 m; (h) 5° offset circle 
hook (Gallagher et al. 2014a). 
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Figure 2.4.  Diagram of a nurse shark depicting the morphological parameters used to 
measure body condition.  Lateral span (LS), frontal span (FS), proximal span (PS), and 
caudal keel circumference (CKC) were measured across the body.  Pre-caudal length 
(PCL) was measured from nose to the base of the caudal fin. 
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Figure 2.5.  A map of the primary study site, displaying the boundaries of Biscayne 
National Park and denoting the level of urban impact throughout Biscayne Bay and the 
surrounding land (Roemer 2018). 
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Results 
 Between April 2015 and July 2018, 107 nurse sharks (55 female, 52 male) were 
sampled in Biscayne Bay and the waters surrounding Miami, within 5 miles of the 
Florida coastline.  Nurse shark total length (TL) ranged from 65 – 259 cm (mean ± SD = 
196.01 ± 54.35); 53 sharks were determined to be immature (female: TL < 223 cm, male: 
TL < 214 cm), while 54 sharks were mature adults (Castro 2000).  In general, immature 
sharks were sampled within Florida state waters (< 3 mi from shore), primarily within 
Biscayne Bay; mature sharks were sampled mainly in the northern reaches of Biscayne 
National Park or in the Atlantic Ocean, within 5 miles from shore (Fig. 2.6).  81 nurse 
sharks were sampled in the dry season (Nov – Apr) and 26 sharks, all mature, were 
sampled in the wet season (May – Oct). 
 Measurements of body condition and plasma concentrations of triglycerides, 
cholesterol, free fatty acids, acetoacetate, and β-hydroxybutyric acid were obtained for all 
sharks sampled, with the exception of three immature sharks for which plasma 
cholesterol concentrations were unable to be determined.  Descriptive statistics for each 
metric are displayed in Table 2.1; median values and interquartile ranges of each metric 
are depicted in Figure 2.7.   
A Pearson’s correlation matrix performed on immature sharks (N = 53) showed a 
significant positive correlation between body condition and plasma acetoacetate 
(Pearson’s r = 0.314, p = 0.022) and significant negative correlations between plasma 
triglycerides and free fatty acids (Pearson’s r = -0.379, p = 0.005) and plasma 
acetoacetate and β-hydroxybutyric acid (Pearson’s r = -0.420, p = 0.002) (Fig. 2.8).  
Pearson’s correlation matrix for the mature female group (N = 22) revealed that body 
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condition was significantly positively correlated with both plasma triglycerides 
(Pearson’s r = 0.644, p = 0.001) and plasma cholesterol (Pearson’s r = 0.495, p = 0.019) 
(Fig. 2.9).  For mature male sharks (N = 32) only one relationship was significant, the 
positive correlation between plasma triglycerides and cholesterol (Pearson’s r = 0.664, p 
= 0.000; Fig. 2.10). 
Ontogenetic and Sexual Variation of Body Condition and Plasma Metabolites 
Body condition and plasma metabolite median values and interquartile ranges for 
each life stage-sex group are depicted in Figure 2.11.  Of the six metrics analyzed, only 
body condition was found to be significantly different between groups [Welch’s F(2, 
62.746) = 3.219, p = 0.047]; Welch’s ANOVA was used because Levene’s test results 
indicated that the data violated the ANOVA assumption of homogenous variances 
between groups [F(2, 104) = 5.117, p = 0.008].  Games-Howell post-hoc analysis 
revealed that mean body condition of mature female sharks (N = 22, mean ± SD = 1.09 ± 
0.07) was significantly higher than that of mature male sharks (N = 32, mean ± SD = 1.04 
± 0.09), p = 0.037 (Fig. 2.12).  The mean body condition of immature sharks (N = 53, 
mean ± SD = 1.07 ± 0.12) was not significantly different than either mature group (p > 
0.05). 
Seasonal Variation of Body Condition and Plasma Metabolites 
 Seasonal means of each metric, with the exception of plasma free fatty acids, 
were higher in the wet season (N = 26) than the dry season (N = 28); however, according  
to independent sample t-tests, these differences were insignificant (p > 0.05).  Figure 2.13 
displays the median values and interquartile ranges for each metric by season. 
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 When data was grouped by sex, independent sample t-tests revealed that mature 
female sharks had a significantly higher body condition in the wet season (N = 8, mean ± 
SD = 1.13 ± 0.07) than in the dry season (N = 14, mean ± SD = 1.07 ± 0.05) [t(20) = -
2.419, p = 0.025] (Fig. 2.15a).  Independent sample t-tests did not detect any significant 
seasonal difference in mature female shark plasma metabolites (p > 0.05).  For mature 
male sharks, there was no significant difference between body condition and plasma 
metabolites in the dry season (N = 14) and wet season (N = 18), (p > 0.05).  Median 
values and interquartile ranges of body condition and plasma metabolites for each sex in 
both the dry and wet seasons are displayed in Figure 2.14. 
   Within-season differences between the sexes were also detected by independent 
sample t-tests.  In the wet season, there was a significant difference in body condition 
between mature female sharks (mean ± SD = 1.13 ± 0.07) and mature male sharks (mean 
± SD = 1.04 ± 0.06) [t(24) = 3.357, p = 0.003] (Fig. 2.15a).  Differences between mature 
female and mature male plasma metabolites were insignificant in the wet season (p > 
0.05).  In the dry season, plasma β-hydroxybutyric acid was significantly higher for 
mature female sharks (mean ± SD = 1.59 ± 0.73 mM) than for mature male sharks (mean 
± SD = 1.13 ± 0.30 mM) [Welch’s t(17.275) = 2.168, p = 0.044] (Fig. 2.15b); Levene’s 
test results indicated that the data violated the independent sample t-test assumption of 
homogenous variances (F = 13.872, p = 0.001), therefore Welch’s t-test was used.  There 
was no significant difference in body condition or other plasma metabolites between the 
sexes in the dry season (p > 0.05). 
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Spatial Variation of Body Condition and Plasma Metabolites 
Immature Nurse Sharks 
 To determine if nurse shark body condition and plasma metabolites vary spatially, 
53 immature nurse sharks were sampled at over 20 individual locations across Biscayne 
Bay (Fig. 2.16): 36 were sampled within the Metropolitan zone and 17 within the 
National Park zone.  Figure 2.17 depicts the median values and interquartile ranges of 
each metric for the Metropolitan group and National Park group.  Independent sample t-
tests revealed that nurse sharks sampled within the Metropolitan zone had significantly 
higher plasma triglycerides (mean ± SD = 0.33 ± 0.21 mmol l-1) than sharks sampled 
within the National Park zone (mean ± SD = 0.19 ± 0.07 mmol l-1) [Welch’s t(48.325) = -
3.555, p = 0.001] (Fig. 2.18a); because Levene’s test results indicated that triglyceride 
data did not meet the independent sample t-test assumption of homogenous variance (F = 
10.063, p = 0.003), Welch’s t-test was used.  A significant difference was also detected 
between the two groups for plasma free fatty acids, which were significantly higher in 
sharks from the National Park zone (mean ± SD = 156.07 ± 79.29 µM) than sharks from 
the Metropolitan zone (mean ± SD = 35.26 ± 66.91 µM) [t(51) = 5.780, p = 0.000] (Fig. 
2.18b). 
The distance of immature shark sampling locations from the Miami city center 
ranged from 2,518.95 – 40,472.55 meters (mean = 9,930.69 m).  Results of a Pearson’s 
correlation matrix supported the findings of the independent sample t-tests performed 
earlier.  Plasma triglycerides were significantly negatively correlated with distance from 
city center (Pearson’s r = -0.289, p = 0.036) and plasma free fatty acids were significantly  
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positively correlated with distance from city center (Pearson’s r = 0.564, p = 0.000) (Fig. 
2.19).  No other metric showed a significant correlation with distance from city center (p 
> 0.05). 
Mature Nurse Sharks 
 In May 2018, 11 nurse sharks (3 female, 8 male) were sampled in Florida state 
waters off the coast of Key West and within Dry Tortugas National Park (Fig. 2.20).  The 
total length of sampled sharks ranged from 220 – 253 cm (mean ± SD = 241.86 ± 10.45), 
indicating that all sharks were mature adults.  The median values and interquartile ranges 
of body condition and plasma metabolites for mature sharks sampled in the Florida Keys 
and the Miami area are depicted in Figure 2.21.  For all metrics, with the exception of 
plasma β-hydroxybutyric acid, mean values were higher for the sharks sampled in the 
Florida Keys than for sharks sampled in Miami; however, independent sample t-tests 
indicated that none of these differences were significant (p > 0.05). 
Analysis comparing only mature male sharks from the two regions showed that 
plasma triglycerides were significantly higher for males sampled in Miami (mean ± SD = 
0.26 ± 0.11 mmol l-1) than for males sampled in the Florida Keys (mean ± SD = 0.17 ± 
0.07 mmol l-1) [t(38) = -2.235, p = 0.031].  The opposite trend was found when analyzing 
only mature female sharks from the two locations, as females sampled in Miami (mean ± 
SD = 0.20 ± 0.20 mmol l-1) had significantly lower plasma triglycerides than females 
sampled in the Florida Keys (mean ± SD = 0.50 ± 0.29 mmol l-1) [t(23) = 2.298, p = 
0.031].  There were no other significant differences in body condition and plasma  
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metabolite values detected for either mature females or mature males (p > 0.05).  Due to 
the low sample size of nurse sharks from the Florida Keys, these results should be 
interpreted with caution. 
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Figure 2.6. Sampling locations of nurse sharks (Ginglymostoma cirratum) near Miami, 
Florida. Red circles represent immature sharks while blue circles represent mature sharks. 
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Table 2.1. Body condition and plasma metabolite concentrations of nurse sharks (Ginglymostoma cirratum).
Metric (Unit) N Range Mean ± SD Median CV Distribution 
Body Condition 107 0.75 - 1.38 1.06 ± 0.11  1.06 10.38 
 
Triglycerides (mmol l-1)  107 0.01 - 0.95 0.26 ± 0.17 0.24 65.38 
 
Cholesterol (mg dl-1) 104 2.78 - 68.39 33.90 ± 14.72 32.80 43.42 
 
Free Fatty Acids (µM) 107 0.00 - 281.11 52.89 ± 80.97 9.04 153.09 
 
Acetoacetate (mM) 107 0.00 - 7.05 1.46 ± 1.58 1.12 108.22 
 
β-Hydroxybutyric Acid 
(mM) 107 0.00 - 6.69 1.36 ± 0.75 1.31 55.14 
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Figure 2.7. Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of sampled nurse sharks (Ginglymostoma cirratum).  Lines 
within boxes represent the median, boxes represent the interquartile range (IQR), and 
circles represent outliers (values outside 1.5 x IQR). 
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Figure 2.8. Significant relationships between (a) body condition and plasma acetoacetate 
(AcAc), (b) plasma triglycerides (TAG) and free fatty acids (FFA), and (c) plasma 
acetoacetate (AcAc) and β-hydroxybutyric acid (BOH) for immature nurse sharks 
(Ginglymostoma cirratum). 
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Figure 2.9. Significant relationships between body condition and (a) plasma triglycerides 
(TAG) and (b) plasma cholesterol (CHOL) for mature female nurse sharks 
(Ginglymostoma cirratum). 
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Figure 2.10.  Significant relationships between plasma triglycerides (TAG) and 
cholesterol (CHOL) for mature male nurse sharks (Ginglymostoma cirratum). 
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Figure 2.11. Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of immature, mature female, and mature male nurse sharks 
(Ginglymostoma cirratum).  Lines within boxes represent the median, boxes represent the 
interquartile range (IQR), circles represent outliers (values outside 1.5 x IQR), and stars 
represent extreme outliers (values outside 3 x IQR).  Letters (A, B) represent significantly 
different groups. 
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Figure 2.12.   Mean body condition values for immature, mature female, and mature 
male nurse sharks (Ginglymostoma cirratum).  Error bars represent the 95% confidence 
interval and letters (A, B) represent significantly different groups. 
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Figure 2.13. Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of mature nurse sharks (Ginglymostoma cirratum) sampled 
during the dry and wet seasons. Lines within boxes represent the median, boxes represent 
the interquartile range (IQR), circles represent outliers (values outside 1.5 x IQR), and 
stars represent extreme outliers (values outside 3 x IQR).   
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Figure 2.14.  Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of mature female and male nurse sharks (Ginglymostoma 
cirratum) sampled during the dry and wet seasons. Lines within boxes represent the 
median, boxes represent the interquartile range (IQR), circles represent outliers (values 
outside 1.5 x IQR), and stars represent extreme outliers (values outside 3 x IQR).  Letters 
(A, B) represent significantly different groups. 
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Figure 2.15.  Mean (a) body condition and (b) plasma β-hydroxybutyric acid (BOH) of 
mature female and male nurse sharks sampled in the dry and wet seasons 
(Ginglymostoma cirratum).  Error bars represent the 95% confidence interval and letters 
(A, B) represent significantly different groups. 
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Figure 2.16.  Sampling locations of immature nurse sharks (Ginglymostoma cirratum) 
within and just outside of Biscayne Bay.  Red circles represent sharks sampled within the 
Metropolitan zone and green circles represent sharks sampled within the National Park 
zone. 
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Figure 2.17.  Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of immature nurse sharks (Ginglymostoma cirratum) 
sampled within different areas of Biscayne Bay. Lines within boxes represent the median, 
boxes represent the interquartile range (IQR), circles represent outliers (values outside 
1.5 x IQR), and stars represent extreme outliers (values outside 3 x IQR). Letters (A, B) 
represent significantly different groups. 
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Figure 2.18.  Mean plasma (a) triglycerides (TAG) and (b) free fatty acids of immature 
nurse sharks (Ginglymostoma cirratum) sampled within two different areas of Biscayne 
Bay.  Error bars represent the 95% confidence interval and letters (A, B) represent 
significantly different groups. 
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Figure 2.19.  Significant relationships between distance from sampling location to Miami 
city center and plasma (a) triglycerides (TAG) and (b) free fatty acids for immature nurse 
sharks (Ginglymostoma cirratum). 
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Figure 2.20.  Sampling locations, indicated by yellow circles, of mature nurse sharks 
(Ginglymostoma cirratum) in the Florida Keys. 
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Figure 2.21.  Values of (a) body condition and plasma (b) triglycerides (TAG), (c) 
cholesterol (CHOL), (d) free fatty acids (FFA), (e) acetoacetate (AcAc), and (f) β-
hydroxybutyric acid (BOH) of mature nurse sharks (Ginglymostoma cirratum) sampled 
in the Florida Keys and Miami.  Lines within boxes represent the median, boxes represent 
the interquartile range (IQR), circles represent outliers (values outside 1.5 x IQR), and 
stars represent extreme outliers (values outside 3 x IQR). 
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Discussion 
The mean values of body condition and plasma concentrations of triglycerides, 
cholesterol, and free fatty acids reported here are lower than previously published values 
for nurse sharks (Irschick and Hammerschlag 2014; Gallagher et al. 2017) (Table 2.2 – 
2.5).  This discrepancy may be due to the inclusion of immature sharks in the present 
study; both Irschick and Hammerschlag (2014) and Gallagher et al. (2017) excluded 
small juveniles (< 100 cm TL) from their analyses, focusing on subadult and adult sharks.  
Though significant differences in mean metric values between immature and mature 
sharks were not detected in the present study, maturity state is known to influence both 
body condition and plasma metabolite concentrations in a number of shark species 
(Garcia-Garrido et al. 1990; Hussey et al. 2009; Valls et al. 2016; Hammerschlag et al. 
2018).  Disparities between the results of the present study and the aforementioned prior 
studies could also be related to differences between study locations.  Though Biscayne 
Bay and the Miami area were study sites for both Irschick and Hammerschlag (2014) and 
Gallagher et al. (2017), these studies also conducted sampling in the Florida Keys and 
Bahamas; moreover, Gallagher et al. (2017) performed additional sampling within 
Everglades National Park.  Differences in habitat quality or nurse shark diet between 
these spatially discrete regions could, in part, contribute to the contrast between 
previously published values and those reported in the present study (Seal 1978; Castro 
2000; Valls et al. 2016).  
Similarly, the mean concentrations of these plasma metabolites observed in the 
present study are among the lowest reported for any elasmobranch species; conversely, 
the plasma concentrations of the ketone bodies, acetoacetate and β-hydroxybutyric acid, 
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are the highest reported mean concentrations for any elasmobranch species.  Tables 2.3 – 
2.6 demonstrate how the mean and median concentrations of plasma metabolites reported 
here compare to concentrations published for other elasmobranchs.  It should be noted 
that only values obtained from wild-caught or wild-sampled elasmobranchs are included 
in these tables; additionally, the tables exclude both values obtained from elasmobranchs 
in experimental treatment groups (e.g. studies investigating the effects of fasting, 
starvation, recent feeding, salinity changes on metabolite concentrations), as well as 
values from studies that did not report an overall mean or median for their total sample 
size. The apparent differences between metabolite concentrations obtained from nurse 
sharks in the present study and those published for other elasmobranchs may be related to 
study site, diet, or species-specific variations in physiology (Valls et al. 2016; Gallagher 
et al. 2017).  Furthermore, it has been demonstrated that the plasma concentrations of free 
fatty acids and ketone bodies fluctuate significantly with fasting and recent feeding 
events (Zammit and Newsholme 1979; de Roos 1994; Wood et al. 2010).  Therefore, 
variation in these metabolites both within and between species may be partly dependent 
on the time elapsed since an individual’s most recent meal.  
Significant correlations between some metrics were detected, however these 
relationships were highly dependent on both life stage and sex; the observed metric 
correlations for immature, mature male, and mature female sharks were unique to each 
subgroup.  In the present study, the significant positive relationship between body 
condition and plasma triglyceride concentrations observed in tiger sharks by Gallagher et 
al. (2014b) existed only in the mature female subgroup, suggesting that body condition is 
not always related to plasma triglyceride concentrations in nurse sharks.  Several studies 
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have demonstrated that morphometric condition indices do not always reflect an 
organism’s energy reserves and may only be reliable indicators during certain life stages, 
reproductive states, or seasons (Næsje et al. 2006; Hussey et al. 2009; Mesa and Rose 
2015; Sardenne et al. 2016; Hammerschlag et al. 2018).  This highlights the importance 
of using a suite of indices for a more complete, holistic assessment of an organism’s 
energetic state. 
The life stage and sex-dependent significant correlations noted in the present 
study may, in part, be due to the unique turnover rates and physiological functions of the 
plasma metabolites measured (Ballantyne 1997).   Furthermore, reproductive state is 
likely a contributing factor to the observed differences between subgroups (Ballantyne 
1997).  Valls et al. (2016) identified ontogenetic, sexual, and seasonal variations in 
concentrations of triglycerides, cholesterol, and β-hydroxybutyric acid in the plasma of 
small-spotted catsharks and, additionally, found that the interactions of maturity, sex, and 
season significantly influenced metabolite concentrations as well.  Moreover, Garcia-
Garrido et al. (1990) observed that male small-spotted catsharks mobilize cholesterol for 
gametogenesis, while female sharks instead rely on triglycerides, demonstrating that the 
utilization of certain metabolites for physiological processes, especially those relating to 
reproduction, can vary between the sexes.  Such variations in nurse sharks could result in 
differing correlations between plasma metabolites, not only for mature female and male 
sharks, but also for immature sharks that are not yet preparing for reproduction and 
instead allocating energy to growth.  This is further supported by Hammerschlag et al. 
(2018), who reported that correlations between plasma estradiol and both body condition 
and plasma triglycerides differed greatly with the maturity state of female tiger sharks.  
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The life stage and sex-dependent correlations observed in this population of nurse sharks 
highlight the importance of assessing the body condition and plasma metabolites of 
specific ontogenetic and sexual groups, as such trends may be overlooked when the 
population is assessed as a whole. 
The significant sexual variation in nurse shark body condition reported here 
contrasts previous findings by Irschick and Hammerschlag (2014a), who found no 
significant difference in body condition between male and female nurse sharks.  In the 
present study, the observed variation by sex was actually driven by seasonal variation, as 
female body condition increased significantly during the wet season, while male body 
condition remained relatively stable across seasons.  This spike in female body condition 
during the wet season may occur as females store energy prior to vitellogenesis, which 
begins in June or July and culminates in ovulation between May and June of the 
following year (Castro 2000; Gallagher et al. 2014b).  A similar hypothesis was proposed 
by Hammerschlag et al. (2018), who theorized that the high mean body condition 
observed for mature, nongravid female tiger sharks “may be a function of reproductive 
readiness” as the sharks prepare for the next reproductive season.  An inverse relationship 
between hepatosomatic index and gonadosomatic index has been reported for small-
spotted catsharks, indicating that these elasmobranchs mobilize energy stores from the 
liver for yolk formation prior to reproduction (Gutierrez et al. 1988).  If a comparable 
process occurs in nurse sharks, it would be expected that body condition would peak in 
May – June, just before vitellogenesis, and slowly decrease as hepatic lipid stores are 
gradually depleted over the course of the year; this would result in female nurse sharks  
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having higher body condition in the wet season (May – Oct) and lower body condition in 
the dry season (Nov – Apr) when the eggs are fully formed and the sharks near ovulation, 
as was observed in the present study.   
Season-dependent sexual variation was also observed for plasma concentrations 
of β-hydroxybutyric acid; Valls et al. (2016) hypothesized that heightened plasma β-
hydroxybutyric acid levels could be related to intense physical activity, supported by the 
high capacity for enzymatic oxidation of this ketone body by both red muscle and heart 
ventricle in sharks, essential to sustained swimming (Watson and Dickson 2001).  
Therefore, elevated plasma β-hydroxybutyric acid in female nurse sharks may indicate 
higher activity levels than male sharks.  There is little support for this hypothesis in the 
literature, however, as studies utilizing acoustic telemetry to study nurse shark movement 
have not reported any sexual differences in activity levels (Chapman et al. 2005; Ferreira 
et al. 2013; Garla et al. 2016; Roemer 2018).  Yet, these studies primarily assessed the 
movements of immature nurse sharks, and it is possible that differences in activity levels 
could manifest when the sharks become sexually mature.  Plasma β-hydroxybutyric acid 
is also known to significantly increase with fasting and starvation in elasmobranchs, but 
there is no evidence in the literature to suggest that female nurse sharks feed less 
frequently than male sharks; however some studies do hypothesize that female sharks 
may reduce feeding during gestation, which could result in overall elevated plasma β-
hydroxybutyric acid concentrations for female sharks (Zammit and Newsholme 1979;   
de Roos 1994; Hussey et al. 2009; Wood et al. 2010; Hammerschlag et al. 2018).   
The significant difference between male and female plasma β-hydroxybutyric 
acid levels was not detected in the wet season, when male plasma concentrations of this 
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ketone body are elevated.  This seasonal trend may be the result of a shift in the behavior 
of male sharks in the wet season, during which nurse shark mating occurs (Castro 2000).  
Heightened activity levels of male sharks during breeding may account, in part, for the 
observed increase in plasma β-hydroxybutyric acid.  Pratt and Carrier (2001) reported 
“patrolling” behavior by male nurse sharks searching for mates, which manifests as an 
increase in active swimming.  Furthermore, the authors described mating behavior as 
“violent”, noting that male sharks are very active as they often mate multiple times per 
day, compete with other male sharks to mate with a single female, and thrash intensely as 
they attempt to properly position a female for copulation (Pratt and Carrier 2001).  This 
vigorous activity is likely energetically costly, which may partly result in an increase in 
plasma concentrations of β-hydroxybutyric acid; conversely, female nurse sharks are 
much less active during breeding, as they remain relatively immobile during copulation, 
do not actively pursue potential mates, and often attempt to avoid courtship entirely by 
seeking refuge and resting in shallow waters (Pratt and Carrier 2001).  Elevated plasma 
β-hydroxybutyric acid concentrations during the wet season may be further spurred by 
changes in feeding behavior during mating activity.  Springer (1967) hypothesized that 
the thin livers observed in mature male sharks could be a byproduct of extended fasting 
during breeding.  While Pratt and Carrier (2001) noted that feeding by mature nurse 
sharks, or evidence thereof, has not been observed during courtship, or within their study  
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site in Dry Tortugas National Park, this observation applies to mature sharks of both 
sexes and does not suggest that males feed less frequently than females during the mating 
season. 
During field sampling for this study, only immature nurse sharks were captured 
and sampled within the Metropolitan sampling zone.  It is unclear why no mature nurse 
sharks were captured in the Metropolitan zone; it is possible that habitat in this area is not 
suitable for adult nurse sharks, and that the sharks move to more favorable habitat upon 
reaching maturity.  The results of long-term passive acoustic telemetry conducted on 
immature nurse sharks as they grow to sexual maturity may reveal ontogenetic 
differences in habitat use in Biscayne Bay.  It is also possible that conditions in the 
Metropolitan zone are not favorable for growth, and immature nurse sharks in this area 
do not grow to reach maturity as often as immature sharks in the National Park zone.  
However, this is unlikely given that the spatial variation in plasma triglyceride and free 
fatty acid concentrations observed between sharks sampled in each zone may imply that 
the Metropolitan individuals have higher energy reserves; several studies suggest that 
high plasma triglycerides are related to ample energy stores, as they are thought to be 
indicative of hepatic lipid reserves (Garcia-Garrido et al. 1990; Gallagher et al. 2014b; 
Valls et al. 2016).   
Though it cannot be said with absolute certainty that the sharks strictly remain 
near their sampling areas, passive acoustic telemetry of juvenile nurse sharks in Biscayne 
Bay (including nine individuals sampled for the present study) indicates that juvenile 
nurse sharks exhibit high site fidelity and generally reside for months within the zones in 
which they were sampled (Roemer 2018; Hammerschlag unpublished data) (Fig. 2.22).  
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It stands to reason that the longer an animal spends in a particular location, the longer it 
will be exposed to any environmental or anthropogenic variables that would influence its 
diet, body condition, and physiology; therefore, these sharks are considered to be 
representative of the zones in which they were sampled.  Additionally, the turnover rates 
of some plasma metabolites measured in this study are as little as a few hours or days and 
may reflect a shark’s current energetic state in that location after only a few days of 
residency (Wood et al. 2010). 
Triglycerides are derived from the diet, and it has been hypothesized that 
increased plasma concentrations in wild elasmobranch populations result from 
heightened food availability (Metcalf and Gemmell 2005; Valls et al. 2016).  The high 
plasma triglyceride concentrations of sharks within the Metropolitan zone may suggest 
that they are consuming more prey or feeding more frequently than sharks within the 
National Park zone.  This is further supported by the low concentrations of plasma free 
fatty acids found in this group, as Wood et al. (2010) observed that the plasma free fatty 
acids of small-spotted cat sharks declined by over 40% within six hours of feeding and 
levels remained depressed for two days following.  A difference between the sharks 
sampled within the two zones that is driven by prey availability would imply that prey 
abundance or concentration is higher in more urban areas; studies from the terrestrial 
realm have hypothesized that some urban carnivores exploit increased availability and 
seasonal stability of food in urban habitats, resulting in higher nutritional condition than 
their conspecifics foraging in nearby natural habitat (Cypher and Frost 1999).  When 
assessing the abundance and species composition of teleost communities around canal 
mouths in Biscayne Bay, Serafy et al. (1997) observed the highest abundances for several 
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small teleost species (e.g. blue-striped grunt, white grunt, sailor’s choice, rainwater 
killifish) near canals in highly anthropogenically-altered areas, including those nearest to 
the Metropolitan sites sampled in the present study.  
Anthropogenic structure associated with urban areas, such as docks and jetties, 
often attracts and aggregates large densities of many fish species, concentrating prey 
around artificial refuge in the absence of suitable natural habitat (Clynick et al. 2008).  
Furthermore, the deployment of artificial reefs (e.g. reef balls, limestone boulders, 
concrete and tetrahedral structures) in the urban waters directly adjacent to Miami attract 
high abundances of potential nurse shark prey (i.e. small teleosts, spiny lobsters) and, in 
many cases, support a higher biomass of teleosts and invertebrates than nearby natural 
reef habitat (Bohnsack 1989; Bohnsack et al. 1994; Walker et al. 2002; Thanner et al. 
2006; Miami-Dade County 2016).  Several individual nurse sharks assessed for the 
present study were sampled directly adjacent to artificial reef structure (Fig. 2.23).  
Limestone boulders, in particular, can support a large abundance of fish and high 
densities of juvenile grunts and snapper; these boulders, placed against seawalls, 
comprise much of the shoreline along the mainland and barrier islands within the 
Metropolitan sampling zone of the study site (Walker et al. 2002; Thanner et al. 2006).   
In addition to artificial structure, anthropogenic light may further concentrate prey 
in urban marine habitats (Davies et al. 2014).  Artificial light enhances the foraging 
capability of many fish and invertebrate species, at various life stages, and is often used 
as a tool to increase catch in many commercial fisheries (Marchesan et al. 2005; Keenan 
et al. 2007).  Because nurse sharks rely largely on olfactory cues to find prey, the 
immature nurse sharks in urban Miami are likely not using anthropogenic light to visually 
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track prey, but instead feed on small teleosts that aggregate near light sources to increase 
their own foraging success (Motta et al. 2008).  In addition to the high prey abundance 
available in urban habitat, juvenile nurse sharks may supplement their diet with 
anthropogenic food sources.  Nurse sharks are opportunistic predators, known to 
scavenge on bait or fish scraps discarded by fishermen (Castro 2000).  There is a higher 
number and density of marinas, including Miami’s largest marina, within the more urban 
Metropolitan sampling zone than the National Park zone (Florida Fish and Wildlife 
Conservation Commission 2019) (Fig. 2.23); many marinas have stations where 
fishermen clean their catch, often discarding the remaining carcasses directly into the 
water where they can be consumed by foraging sharks.  Multiple nurse sharks assessed in 
the present study were captured and sampled within or adjacent to marinas, all within the 
Metropolitan sampling zone. 
If the significant differences in plasma triglyceride and free fatty acid 
concentrations between sharks sampled within the Metropolitan and National Park zones 
is a result of the quantity or frequency of prey consumption, a difference in plasma β-
hydroxybutyric acid concentrations may have also been expected between the two 
groups.  Multiple studies have demonstrated that plasma β-hydroxybutyric acid increases 
significantly with fasting and starvation in elasmobranchs; if sharks within the National 
Park zone feed significantly less than their more urban counterparts, they may display 
elevated plasma β-hydroxybutyric acid (Zammit and Newsholme 1979; Wood et al. 
2010).  However, Wood et al. (2010) found that the plasma β-hydroxybutyric acid levels 
of fasted spiny dogfish did not become significantly higher than the control until 15 days 
of food deprivation had passed.  The absence of a significant difference in plasma  
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β-hydroxybutyric acid concentrations between the two sampling areas may indicate that 
sharks within the National Park zone are not fasting for long periods but may still feed 
less frequently than sharks within the Metropolitan zone.   
 In addition to high availability of prey, nurse sharks within the Metropolitan zone 
may be accumulating more triglycerides by expending less energy than sharks within the 
National Park zone.  In natural habitat, immature nurse sharks usually prefer to rest in 
holes or under rocks; in urban Miami, bridges, docks, and limestone boulders can provide 
ample refuge for the sharks (Castro 2000).  Additionally, the close proximity of urban 
marine habitat to dense human populations increases occurrences of anthropogenic 
debris; humans may intentionally discard items into the water, or they may be swept in 
following large storms and hurricanes (Leite et al. 2014; Willis et al. 2017).  Immature 
nurse sharks sampled within the Metropolitan zone have been observed seeking refuge 
under large pieces of debris, such as lawn chairs (Hammerschlag, pers. obs.).  The 
abundance of anthropogenic structure and debris may mean that juvenile nurse sharks 
have to travel shorter distances in search of shelter.  Furthermore, prey may be more 
densely concentrated in urban areas, as suitable habitat is more limited than in natural 
areas, allowing the sharks to expend less energy when foraging than those residing in 
more natural habitat.  If the sharks residing within the Metropolitan zone are expending 
less energy than their National Park counterparts, they would be expected to display 
lower concentrations of plasma β-hydroxybutyric acid, which is thought to be related to 
energy expenditure and active swimming (Valls et al. 2016).  However, unless sharks 
within the National Park are performing vigorous active swimming while foraging, the 
difference in concentrations between the two groups may be negligible.   
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Finally, the significant differences in plasma triglyceride and free fatty acid 
concentrations between nurse sharks sampled within the two zones may be entirely 
unrelated to nutritional condition, resulting from physiological processes not considered 
here.  For example, it is possible that the differences between groups are a byproduct of 
sexual maturation; Valls et al. (2016) hypothesized that low seasonal concentrations of 
plasma triglycerides in wild small-spotted catsharks were due to triglyceride depletion for 
vitellogenesis.  While all sharks included in this analysis were thought to be immature, it 
is possible that some females could be nearing sexual maturity.  Five female sharks of the 
17 total sampled within the National Park zone are over 200 cm TL, while only two of 
the 36 from the Metropolitan zone fit this criterion.  Female nurse sharks reach maturity 
between 223 – 231 cm, so these larger individuals could be undergoing vitellogenesis as 
they prepare to become reproductively active.  However, Hammerschlag et al. (2018) 
found that plasma triglyceride concentrations were positively correlated with plasma 
estradiol, an indicator of vitellogenesis, in immature tiger sharks; therefore, if sharks 
were undergoing vitellogenesis, an increase in plasma triglycerides would be expected.  
Though sharks within the Metropolitan zone did have, on average, higher plasma 
triglyceride concentrations, it is unlikely that these sharks are undergoing vitellogenesis 
as there were only two individuals over 200 cm TL, and almost half of the individuals in 
this group were less than 150 cm TL.  More likely, the significant differences in plasma 
triglycerides and free fatty acids observed between sharks sampled within the 
Metropolitan and National Park zones are the result of differences in overall habitat 
quality, such as the availability of prey and refuge (Seal 1978).    
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Table 2.2.  Values of body condition, measured using Span Condition Analysis, published for nurse sharks and other shark species 
compared to values obtained in the present study. 
 
Metric 
(Unit) Species Life Stage Sampling Area N Mean Range Reference 
Bo
dy
 C
on
di
tio
n 
Nurse shark  
(G. cirratum) 
Immature; 
Mature Biscayne Bay and Miami area, FL, USA 107 1.06 0.75 - 1.38 Present study 
Tiger shark  
(G. cuvier) Mature 
Biscayne Bay and Miami area, FL, USA; Florida 
Keys, FL, USA; the Bahamas 33 1.14 0.93 - 1.25 
Irschick and 
Hammerschlag 
2014 
Nurse shark  
(G. cirratum) Mature 
Biscayne Bay and Miami area, FL, USA; Florida 
Keys, FL, USA; the Bahamas 46 1.80 1.55 - 2.04 
Irschick and 
Hammerschlag 
2014 
Blacktip shark  
(C. limbatus) Mature 
Biscayne Bay and Miami area, FL, USA; Florida 
Keys, FL, USA; the Bahamas 11 2.00 1.74 - 2.19 
Irschick and 
Hammerschlag 
2014 
Bull shark  
(C. leucas) Mature 
Biscayne Bay and Miami area, FL, USA; Florida 
Keys, FL, USA; the Bahamas 14 2.24 2.08 - 2.44 
Irschick and 
Hammerschlag 
2014 
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Table 2.3.  Blood matrix triglyceride concentrations published for nurse sharks and other elasmobranch species compared to values 
obtained in the present study.
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Median Range Reference 
Tr
ig
ly
ce
ri
de
s (
m
m
ol
 l-
1 ) 
Atlantic 
sharpnose shark 
(R. terraenovae) 
Mature GA, USA; northern FL, USA Plasma 30  BDLa BDLa Haman et al. 2012 
Tiger shark 
(G. cuvier) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; the Bahamas 
Plasma 28 0.20  0.03 - 0.92 Gallagher et al. 2014b 
Nurse shark 
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA Plasma 107 0.26 0.24 0.01 - 0.95 Present study 
Tiger shark 
(G. cuvier) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 75 0.30   Gallagher et al. 2017 
Bonnethead 
shark (S. tiburo) Mature GA, USA; northern FL, USA Plasma 31 
 0.33 0.228 - 0.511b Haman et al. 2012 
Spiny dogfish 
(S. acanthias) Mature Puget Sound, WA, USA Plasma 28 
 0.35 0.226 - 0.929b Haman et al. 2012 
Spiny dogfish 
(S. acanthias) 
 Plymouth, UK Plasma 3 0.39  0.36 - 0.42 Zammit and Newsholme 1979 
 Bull shark (C. leucas) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 39 0.83   Gallagher et al. 2017 
 
Small-spotted 
catshark  
(S. canicula) 
 Plymouth, UK Plasma 8 0.85  0.635 – 1.028 Zammit and Newsholme 1979 
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aBDL: below detectable limit; bHaman et al. (2012) does not report range, therefore reference values are reported here.
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Median Range Reference 
Tr
ig
ly
ce
ri
de
s (
m
m
ol
 l-
1 ) 
Small-spotted 
catshark  
(S. canicula) 
Immature; 
Mature Málaga, Spain Serum 124 1.276 
  Garcia-Garrido et al. 
1990 
Blacktip shark 
(C. limbatus) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 61 1.59   Gallagher et al. 2017 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 80 1.66   Gallagher et al. 2017 
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Table 2.4.  Blood matrix cholesterol concentrations published for nurse sharks and other elasmobranch species compared to values 
obtained in the present study. 
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Median Range Reference 
C
ho
le
st
er
ol
 (m
g 
dl
-1
) 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA Plasma 104 33.90 32.80 2.78 - 68.39 Present study 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 38 38.28   Gallagher et al. 2017 
Cownose ray  
(R. bonasus) 
Immature; 
Mature NC, USA; SC, USA Plasma 41 45.54 43 25 - 77 Cusack et al. 2016
b 
Blacktip shark  
(C. limbatus) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 41 53.75   Gallagher et al. 2017 
Bull shark  
(C. leucas) 
Immature; 
Mature 
Biscayne Bay and Miami area, 
FL, USA; Florida Keys, FL, 
USA; Everglades National 
Park, FL, USA; the Bahamas 
Plasma 36 59.55   Gallagher et al. 2017 
Atlantic 
sharpnose shark  
(R. terraenovae) 
Mature GA, USA; northern FL, USA Plasma 30  86 6.8 - 165.20a Haman et al. 2012 
Sailray  
(R. lintea) Mature Skagerrak Strait, Sweden Plasma 3 86 
  Larsson and Fänge 
1977 
Small-spotted 
catshark  
(S. canicula) 
Immature; 
Mature Málaga, Spain Serum 127 92.51 
  Garcia-Garrido et 
al. 1990 
Spiny dogfish  
(S. acanthias) Mature Puget Sound, WA, USA Plasma 27 
 98 56.5 - 145a Haman et al. 2012 
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aHaman et al. (2012) does not report range, therefore reference values are reported here; bCusack et al. (2016) reports pre- and post-quarantine values, pre-
quarantine values are reported here as they are assumed to be a more accurate representation of wild-sampled values. 
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Median Range Reference 
C
ho
le
st
er
ol
 (m
g 
dl
-1
) Bonnethead shark  
(S. tiburo) 
Mature GA, USA; northern FL, USA Plasma 31  109 75 - 149a Haman et al. 2012 
Thorny skate  
(R. radiata) Mature Skagerrak Strait, Sweden Plasma 11 161 
  Larsson and Fänge 
1977 
Velvet belly 
lanternshark  
(E. spinax) 
Mature Skagerrak Strait, Sweden Plasma 11 214   Larsson and Fänge 1977 
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Table 2.5.  Plasma free fatty acid concentrations published for nurse sharks and other elasmobranch species compared to values 
obtained in the present study.  
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Range Reference 
Fr
ee
 F
at
ty
 A
ci
ds
 (µ
M
)  
Longnose skate  
(R. rhina) 
 Vancouver Island, BC, Canada Plasma 5 0.167  Speers-Roesch et al. 2008 
Brownbanded 
bamboo shark  
(C. punctatum) 
 Singapore Plasma 5 0.171  Speers-Roesch et al. 2008 
Blue-spotted 
ribbontail stingray  
(T. lymma) 
 Singapore Plasma 4 0.215  Speers-Roesch et al. 2008 
Skate species  
(Bathyraja sp.) 
 Vancouver Island, BC, Canada Plasma 2 0.252  Speers-Roesch et al. 2008 
Spiny dogfish  
(S. acanthias) 
 NB, Canada Plasma 5 0.416  Speers-Roesch et al. 2008 
Little skate  
(L. erinacea) 
 NB, Canada Plasma 7 0.572  Speers-Roesch et al. 2008 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA Plasma 107 52.89 0.00 - 281.11 Present study 
Thorny skate  
(R. radiata) Mature Skagerrak Strait, Sweden Plasma 10 97 
 Larsson and Fänge 
1977 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA; Florida Keys, FL, USA; 
Everglades National Park, FL, USA; 
the Bahamas 
Plasma 42 130  Gallagher et al. 2017 
Small-spotted 
catshark 
(S. canicula) 
 Plymouth, UK Plasma 8 150 107 – 241 Zammit and Newsholme 1979 
Spiny dogfish  
(S. acanthias)  Plymouth, UK Plasma 3 150 130 – 183 
Zammit and 
Newsholme 1979 
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Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Range Reference 
Fr
ee
 F
at
ty
 A
ci
ds
 (µ
M
) 
Velvet belly 
lanternshark  
(E. spinax) 
Mature Skagerrak Strait, Sweden Plasma 10 290  Larsson and Fänge 1977 
Bull shark  
(C. leucas) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA; Florida Keys, FL, USA; 
Everglades National Park, FL, USA; 
the Bahamas 
Plasma 33 670  Gallagher et al. 2017 
Blacktip shark  
(C. limbatus) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA; Florida Keys, FL, USA; 
Everglades National Park, FL, USA; 
the Bahamas 
Plasma 46 800  Gallagher et al. 2017 
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Table 2.6.  Blood matrix ketone body concentrations published for elasmobranch species compared to values obtained in the present 
study. 
Metric 
(Unit) Species Life Stage Sampling Area 
Blood 
Matrix N Mean Range Reference 
A
ce
to
ac
et
at
e 
(m
M
) 
Small-spotted 
catshark  
(S. canicula) 
 Plymouth, UK Plasma 8 0.07 0.045 - 0.109 Zammit and Newsholme 1979 
Spiny dogfish 
(S. acanthias) 
 Plymouth, UK Plasma 3 0.13 0.078 - 0.156 Zammit and Newsholme 1979 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA Plasma 107 1.46 0.00 - 7.05 Present study 
β -
H
yd
ro
xy
bu
ty
ri
c A
ci
d 
(m
M
)  
Lemon shark  
(N. brevirostris) Mature Panama City, FL, USA Serum 1 0.00 0.00 Watson and Dickson 2001 
Small-spotted 
catshark  
(S. canicula) 
 Plymouth, UK Plasma 8 0.06 0.013 - 0.140 Zammit and Newsholme 1979 
Blacktip shark 
(C. limbatus) 
 MA, USA Serum 2 0.13 0.09 - 0.17 Watson and Dickson 2001 
Tiger shark  
(G. cuvier) 
 MA, USA Serum 2 0.17 0.03 - 0.31 Watson and Dickson 2001 
Spiny dogfish 
(S. acanthias) 
 Plymouth, UK Plasma 4 0.20 0.173 - 0.287 Zammit and Newsholme 1979 
Sandbar shark 
(C. plumbeus) 
 MA, USA Serum 25 0.21 0.00 - 0.66 Watson and Dickson 2001 
Blue shark  
(P. glauca) 
 southern CA, USA Serum 6 0.26 0.08 - 0.45 Watson and Dickson 2001 
Atlantic 
sharpnose shark 
(R. terraenovae) 
Immature; 
Mature Panama City, FL, USA Serum 25 0.51 0.09 - 1.10 Watson and Dickson 2001 
Shortfin mako 
shark  
(I. oxyrinchus) 
Immature; 
Mature southern CA, USA Serum 9 0.978 0.08 - 2.89 Watson and Dickson 2001 
Nurse shark  
(G. cirratum) 
Immature; 
Mature 
Biscayne Bay and Miami area, FL, 
USA Plasma 107 1.36 0.00 - 6.69 Present study 
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Figure 2.22.  Abacus plot displaying when acoustically tagged immature nurse sharks have been detected on hydrophones within the 
Metropolitan (red circles) or National Park zones (green circles), demonstrating their residency in each zone. 
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Figure 2.23.  Locations of artificial reefs, represented by white stars; marinas, 
represented by purple pins; and immature nurse shark sampling locations, represented by 
red and green circles.  Artificial reef and Florida marina data obtained from Miami-Dade 
County (2016) and Florida Fish and Wildlife Conservation Commission (2019), 
respectively. 
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Chapter 3 – Limitations, Future Directions, and Conclusions 
 The primary limitation of this study is the inherent difficulty of accurately 
interpreting the meaning of plasma metabolite concentrations, especially in sharks.  
Zammit and Newsholme (1979) made the assumption that elevated levels of metabolites 
in blood plasma indicate amplified “rates of utilization and oxidation”; since the 
publication of the aforementioned study, other authors have reiterated this statement  
(de Roos 1994; Ballantyne 1997; Valls et al. 2016).  However, Wood et al. (2010) 
pointed out that this postulation has yet to be verified experimentally.  Both Wood et al. 
(2010) and McCue (2010) noted that, while intensified mobilization of metabolites in the 
plasma may occur to meet oxidative demands, increased concentrations could also be a 
byproduct of reduced catabolism of a metabolite.  Additionally, the relationship between 
plasma metabolites and energy storage and metabolism appears to vary widely, and 
certain metabolites may accurately reflect energetic state only during specific life stages 
and reproductive states (Norton et al. 2001).  Furthermore, Cypher and Frost (1999) 
urged caution when relying on biochemical parameters measured in the blood to assess 
an animal’s energetic state, as the fluctuation of such parameters may be controlled by a 
number of factors.  To clarify how plasma metabolites vary with potentially influential 
factors, future studies with captive elasmobranchs should consider assessing how 
metabolite concentrations for a variety of species respond to short- and long-term fasting 
and starvation, different diet composition, and exercise and  active swimming. 
 Future assessments of the energetic state of wild elasmobranch populations should 
incorporate measures of plasma protein content and concentrations of amino acids; amino 
acids are thought to be an important metabolic fuel for elasmobranch species, and 
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studying how plasma concentrations vary with certain factors could lend further insight 
into how these factors affect elasmobranch energy storage and metabolism (Ballantyne 
1997).  Additionally, relating plasma metabolite concentrations to the free fatty acid 
profiles and lipid content of certain tissues, particularly the liver, may clarify exactly how 
levels of specific metabolites are related to elasmobranch energy storage (Pethybridge et 
al. 2014).   
Future research on the energy storage and metabolism of wild elasmobranchs 
should also look to explore how body condition and plasma metabolites vary with stress 
and reproduction, two physiological processes that may influence plasma metabolites and 
body condition.  Low energy reserves could impair the stress response of elasmobranchs, 
while chronic stress could negatively impact energy stores overtime; relating body 
condition and plasma metabolite concentrations to stress indicators (e.g. blood glucose, 
lactate, hematocrit and reflex impairment) may elucidate the relationship between stress 
and elasmobranch energy storage and metabolism (Ricklefs and Wikelski 2002; Jerome 
et al. 2017).  Similarly, incorporating the use of ultrasounds and measurement of 
circulating reproductive hormones in elasmobranch energy storage and metabolism 
research may illuminate exactly how plasma metabolites fluctuate with reproductive state 
(Hammerschlag et al. 2018).  Furthermore, the inclusion of stomach content analysis 
when assessing the energetic state of wild elasmobranch populations should allow 
researchers to more easily delineate which fluctuations in plasma metabolites are the  
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result of feeding and which are the result of other potentially influential factors (Zammit 
and Newsholme 1979; de Roos 1994; Wood et al. 2010).   
Finally, studies investigating the potential effects of urbanization on 
elasmobranch energy storage and metabolism should consider evaluating concentrations 
of pollutants, toxins, or heavy metals in the tissue of elasmobranchs and exploring the 
relationship of such contaminants with body condition and plasma metabolite 
concentrations.  While it is well established that high levels of some contaminants can 
accrue in elasmobranch tissue, the long-term consequences of such accumulation on 
physiology and energy storage and metabolism remains unknown (Matulik et al. 2017). 
Additionally, future research exploring urbanization and elasmobranch energy storage 
and metabolism may benefit from utilizing BRUVS (Baited Remote Underwater Video 
Survey) to thoroughly assess the prey base in sampling locations subject to varying 
degrees of urbanization. 
 This thesis offers the first comprehensive assessment of intrapopulation variation 
in nurse shark body condition and plasma metabolite concentrations, including the first 
measurements of plasma ketone bodies in wild nurse sharks.  Results reveal that 
relationships between and among body condition and plasma metabolite concentrations 
are highly dependent on shark sex and life stage and, that sexual and seasonal variation of 
some of these metrics occurs in mature nurse sharks, contributing to the current 
knowledge base of nutritional and energy metabolism of wild-sampled elasmobranchs.  
Furthermore, results highlight spatial variation in plasma concentrations of triglycerides 
and free fatty acids for immature nurse sharks, which may be related to urbanization.  
While it has been previously established that immature nurse sharks exhibit high site 
  
91 
fidelity and residency to urban areas, it was unclear if the sharks are thriving or if their 
persistence in altered habitats is maladaptive (Roemer 2018).  The high plasma 
triglyceride concentrations of immature nurse sharks sampled in urban areas in this study 
provides the first evidence that this elasmobranch species may be an “urban exploiter”, 
able to successfully adapt to urban habitats and take advantage of anthropogenic 
resources in these areas (McKinney 2002).   
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Appendix A – Detection Ranges of Nutritional Assay Kits  
 
Table A.1.  Detection ranges of BioAssay Systems nutritional assay kits used for plasma 
metabolite analysis. 
Metabolite Assay Kit Detection Range 
Cholesterol EnzyChromTM Cholesterol Assay Kit 5 – 300 mg dl-1 
Free Fatty Acid EnzyChromTM Free Fatty Acid Assay Kit 7 – 1000 µM 
Triglycerides EnzyChromTM Triglyceride Assay Kit 0.01 – 1.0 mmol l-1 
Acetoacetate EnzyChromTM Ketone Body Assay Kit 0.12 – 8 mM 
β-hydroxybutyric Acid  EnzyChromTM Ketone Body Assay Kit 0.12 – 8 mM 
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Appendix B – Results of Pearson’s Correlation Matrices to Explore Correlation of 
Measured Metrics 
 
Table B.1.  Results of Pearson’s correlation matrix performed to evaluate the linear 
relationships between body condition, plasma triglycerides (TAG), plasma cholesterol 
(CHOL), plasma free fatty acids (FFA), plasma acetoacetate (AcAc), and plasma β- 
hydroxybutyric acid (BOH) measured from immature nurse sharks (Ginglymostoma 
cirratum). 
*Significant at the 0.05 level (2-tailed); **Significant at the 0.01 level (2-tailed) 
    
Body 
Condition TAG CHOL FFA AcAc BOH 
Body 
Condition 
Pearson 
Correlation 1 0.083 0.268 -0.008 0.314* -0.174 
 Significance 
(2-tailed) 
 0.557 0.06 0.952 0.022 0.213 
  N 53 53 50 53 53 53 
TAG Pearson Correlation 0.083 1 -0.121 -0.379** 0.105 0.163 
 Significance 
(2-tailed) 0.557 
 0.402 0.005 0.452 0.245 
  N 53 53 50 53 53 53 
CHOL Pearson Correlation 0.268 -0.121 1 -0.259 0.219 -0.084 
 Significance 
(2-tailed) 0.06 0.402 
 0.069 0.126 0.56 
  N 50 50 50 50 50 50 
FFA Pearson Correlation -0.008 -0.379** -0.259 1 -0.011 -0.174 
 Significance 
(2-tailed) 0.952 0.005 0.069 
 0.937 0.212 
  N 53 53 50 53 53 53 
AcAc Pearson Correlation 0.314* 0.105 0.219 -0.011 1 -0.420** 
 Significance 
(2-tailed) 0.022 0.452 0.126 0.937 
 0.002 
  N 53 53 50 53 53 53 
BOH Pearson Correlation -0.174 0.163 -0.084 -0.174 -0.420** 1 
 
Significance 
(2-tailed) 0.213 0.245 0.56 0.212 0.002   
  N 53 53 50 53 53 53 
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Table B.2.  Results of Pearson’s correlation matrix performed to evaluate the linear 
relationships between body condition, plasma triglycerides (TAG), plasma cholesterol 
(CHOL), plasma free fatty acids (FFA), plasma acetoacetate (AcAc), and plasma β-
hydroxybutyric acid (BOH) measured from mature female nurse sharks (Ginglymostoma 
cirratum) sampled in the Miami and Biscayne Bay area. 
*Significant at the 0.05 level; **Significant at the 0.01 level 
 
    
Body 
Condition TAG CHOL FFA AcAc BOH 
Body 
Condition 
Pearson 
Correlation 1 0.644** 0.495* -0.180 0.205 -0.338 
 Significance 
(2-tailed) 
 0.001 0.019 0.424 0.36 0.124 
  N 22 22 22 22 22 22 
TAG Pearson Correlation 0.644** 1 0.422 0.009 0.129 -0.341 
 Significance 
(2-tailed) 0.001 
 0.050 0.969 0.566 0.121 
  N 22 22 22 22 22 22 
CHOL Pearson Correlation 0.495* 0.422 1 -0.217 0.133 0.110 
 Significance 
(2-tailed) 0.019 0.050 
 0.331 0.555 0.625 
  N 22 22 22 22 22 22 
FFA Pearson Correlation -0.180 0.009 -0.217 1 -0.162 -0.163 
 Significance 
(2-tailed) 0.424 0.969 0.331 
 0.472 0.467 
  N 22 22 22 22 22 22 
AcAc Pearson Correlation 0.205 0.129 0.133 -0.162 1 -0.396 
 Significance 
(2-tailed) 0.36 0.566 0.555 0.472 
 0.068 
  N 22 22 22 22 22 22 
BOH Pearson Correlation -0.338 -0.341 0.110 -0.163 -0.396 1 
 
Significance 
(2-tailed) 0.124 0.121 0.625 0.467 0.068   
  N 22 22 22 22 22 22 
  
 
110 
Table B.3.  Results of Pearson’s correlation matrix performed to evaluate the linear 
relationships between body condition, plasma triglycerides (TAG), plasma cholesterol 
(CHOL), plasma free fatty acids (FFA), plasma acetoacetate (AcAc), and plasma β-
hydroxybutyric acid (BOH) measured from mature male nurse sharks (Ginglymostoma 
cirratum) sampled in the Miami and Biscayne Bay area. 
**Significant at the 0.01 level 
 
 
 
    
Body 
Condition TAG CHOL FFA AcAc BOH 
Body 
Condition 
Pearson 
Correlation 1 -0.063 0.013 0.020 -0.003 0.140 
 Significance 
(2-tailed)   0.732 0.943 0.913 0.986 0.445 
  N 32 32 32 32 32 32 
TAG Pearson Correlation -0.063 1 0.664** -0.077 0.078 -0.168 
 Significance 
(2-tailed) 0.732   0.000 0.674 0.672 0.359 
  N 32 32 32 32 32 32 
CHOL Pearson Correlation 0.013 0.664** 1 -0.003 -0.118 -0.069 
 Significance 
(2-tailed) 0.943 0.000   0.988 0.522 0.708 
  N 32 32 32 32 32 32 
FFA Pearson Correlation 0.020 -0.077 -0.003 1 -0.038 0.009 
 Significance 
(2-tailed) 0.913 0.674 0.988   0.837 0.961 
  N 32 32 32 32 32 32 
AcAc Pearson Correlation -0.003 0.078 -0.118 -0.038 1 -0.097 
 Significance 
(2-tailed) 0.986 0.672 0.522 0.837   0.598 
  N 32 32 32 32 32 32 
BOH Pearson Correlation 0.140 -0.168 -0.069 0.009 -0.097 1 
 
Significance 
(2-tailed) 0.445 0.359 0.708 0.961 0.598   
  N 32 32 32 32 32 32 
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Appendix C – Results of ANOVA to Explore Ontogenetic and Sexual Variation in 
Measured Metrics 
 
Table C.1.  Results of ANOVAs to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
immature, mature female, and mature male nurse sharks (Ginglymostoma cirratum). 
Metric 
(Unit) 
Immature 
(N = 53a) 
Mature Female 
(N = 22) 
Mature Male 
(N = 32) P-Value Test Type 
Body 
Condition 1.07 1.09 1.04 0.047* Welch's ANOVA 
TAG 
(mmol l-1) 0.29 0.20 0.26 0.226 Welch's ANOVA 
CHOL 
(mg dl-1) 32.56 36.68 34.09 0.552 One-Way ANOVA 
FFA 
(µM) 74.01 36.36 29.27 0.052 Welch's ANOVA 
AcAc 
(mM) 1.74 1.03 1.28 0.067 Welch's ANOVA 
BOH 
(mM) 1.33 1.59 1.27 0.508 Welch's ANOVA 
a.N = 50 for CHOL; *Significant at the 0.05 level  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  112 
Appendix D – Results of t-Tests to Explore Seasonal Variation in Measured Metrics 
 
Table D.1.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature nurse sharks (Ginglymostoma cirratum) sampled in the dry season and wet 
season. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metric 
(Unit) 
Dry Season 
(N = 28) 
Wet Season 
(N = 26) P-Value Test Type 
Body 
Condition 1.05 1.07 0.357 Independent Sample t-Test 
TAG 
(mmol l-1) 0.20 0.27 0.106 Independent Sample t-Test 
CHOL 
(mg dl-1) 32.01 38.53 0.141 Welch's t-Test 
FFA 
(µM) 42.17 21.37 0.340 Independent Sample t-Test 
AcAc 
(mM) 1.00 1.37 0.344 Independent Sample t-Test 
BOH 
(mM) 1.36 1.44 0.777 Independent Sample t-Test 
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Table D.2.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature female and mature male nurse sharks (Ginglymostoma cirratum) sampled within 
the dry season. 
Metric 
(Unit) 
Mature Females 
(N = 14) 
Mature Males 
(N = 14) P-Value Test Type 
Body 
Condition 1.07 1.03 0.296 Independent Sample t-Test 
TAG 
(mmol l-1) 0.15 0.25 0.078 Independent Sample t-Test 
CHOL 
(mg dl-1) 33.30 30.71 0.597 Independent Sample t-Test 
FFA 
(µM) 44.97 39.37 0.336 Welch's t-Test 
AcAc 
(mM) 0.84 1.16 0.329 Welch's t-Test 
BOH 
(mM) 1.59 1.13 0.044* Welch's t-Test 
*Significant at the 0.05 level 
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Table D.3.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature female and mature male nurse sharks (Ginglymostoma cirratum) sampled within 
the wet season. 
**Significant at the 0.01 level 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metric 
(Unit) 
Mature Females 
(N = 8) 
Mature Males 
(N = 18) P-Value Test Type 
Body 
Condition 1.13 1.04 0.003** Independent Sample t-Test 
TAG 
(mmol l-1) 0.28 0.27 0.930 Welch's t-Test 
CHOL 
(mg dl-1) 42.60 36.72 0.467 Independent Sample t-Test 
FFA 
(µM) 21.29 21.41 0.632 Independent Sample t-Test 
AcAc 
(mM) 1.35 1.34 0.953 Welch's t-Test 
BOH 
(mM) 1.59 1.37 0.356 Welch's t-Test 
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Table D.4.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature female nurse sharks (Ginglymostoma cirratum) sampled in the dry season and wet 
season. 
Metric 
(Unit) 
Dry Season 
(N = 14) 
Wet Season 
(N = 8) P-Value Test Type 
Body 
Condition 1.07 1.13 0.025* Independent Sample t-Test 
TAG 
(mmol l-1) 0.15 0.28 0.171 Independent Sample t-Test 
CHOL 
(mg dl-1) 33.30 42.60 0.264 Independent Sample t-Test 
FFA 
(µM) 44.97 21.29 0.371 Welch's t-Test 
AcAc 
(mM) 0.84 1.35 0.199 Independent Sample t-Test 
BOH 
(mM) 1.59 1.59 1.00 Independent Sample t-Test 
*Significant at the 0.05 level 
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Table D.5.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature male nurse sharks (Ginglymostoma cirratum) sampled in the dry season and wet 
season. 
Metric 
(Unit) 
Dry Season 
(N = 14) 
Wet Season 
(N = 18) P-Value Test Type 
Body 
Condition 1.03 1.04 0.712 Independent Sample t-Test 
TAG 
(mmol l-1) 0.25 0.27 0.678 Independent Sample t-Test 
CHOL 
(mg dl-1) 30.71 36.72 0.212 Welch's t-Test 
FFA 
(µM) 39.37 21.41 0.336 Welch's t-Test 
AcAc 
(mM) 1.16 1.34 0.364 Welch's t-Test 
BOH 
(mM) 1.13 1.37 0.091 Independent Sample t-Test 
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Appendix E – Results of t-Tests and Pearson’s Correlation Matrix to Explore 
Spatial Variation in Measured Metrics of Immature Nurse Sharks 
 
Table E.1.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
immature nurse sharks (Ginglymostoma cirratum) sampled in the Metropolitan and 
National Park Zones. 
a.N = 50 for CHOL; **Significant at the 0.01 level  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metric 
(Unit) 
Metropolitan 
(N = 36a) 
National Park 
(N = 17) P-Value Test Type 
Body 
Condition 1.08 1.05 0.524 Independent Sample t-Test 
TAG 
(mmol l-1) 0.33 0.19 0.001** Welch's t-Test 
CHOL 
(mg dl-1) 33.34 31.04 0.568 Independent Sample t-Test 
FFA 
(µM) 35.26 156.07 0.000** Independent Sample t-Test 
AcAc 
(mM) 1.55 2.15 0.230 Independent Sample t-Test 
BOH 
(mM) 1.41 1.16 0.096 Independent Sample t-Test 
  
118 
Table E.2.  Pearson correlation matrix performed to evaluate the linear relationships 
between body condition, plasma triglycerides (TAG), plasma cholesterol (CHOL), 
plasma free fatty acids (FFA), plasma acetoacetate (AcAc), and plasma β-hydroxybutyric 
acid (BOH) and the distance from shark sampling location to Miami city center 
(measured linearly, in meters). 
    
Body 
Condition TAG CHOL FFA AcAc BOH 
Dist. 
from 
Pearson 
Correlation -0.137 -0.289* -0.142 0.564** 0.204 -0.169 
City 
Center 
Significance 
(2-tailed) 0.330 0.036 0.326 0.000 0.142 0.226 
  N 53 53 50 53 53 53 
*Significant at the 0.05 level; **Significant at the 0.01 level 
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Appendix F – Results of t-Tests to Explore Spatial Variation in Measured Metrics of 
Mature Nurse Sharks 
  
Table F.1.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature nurse sharks (Ginglymostoma cirratum) sampled in the Miami and Florida Keys 
regions. 
Metric 
(Unit) 
Miami 
(N = 54) 
Florida Keys 
(N = 11) P-Value Test Type 
Body 
Condition 1.06 1.07 0.798 Independent Sample t-Test 
TAG 
(mmol l-1) 0.24 0.26 0.689 Independent Sample t-Test 
CHOL 
(mg dl-1) 35.15 40.69 0.286 Independent Sample t-Test 
FFA 
(µM) 32.16 52.87 0.986 Mann-Whitney U Test 
AcAc 
(mM) 1.18 1.65 0.310 Independent Sample t-Test 
BOH 
(mM) 1.40 1.09 0.299 Independent Sample t-Test 
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Table F.2.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature female nurse sharks (Ginglymostoma cirratum) sampled in the Miami and Florida 
Keys regions. 
Metric 
(Unit) 
Miami 
(N = 22) 
Florida Keys 
(N = 3) P-Value Test Type 
Body 
Condition 1.09 1.09 0.126 Independent Sample t-Test 
TAG 
(mmol l-1) 0.20 0.50 0.031* Independent Sample t-Test 
CHOL 
(mg dl-1) 36.68 36.82 0.991 Independent Sample t-Test 
FFA 
(µM) 36.36 82.01 0.357 Independent Sample t-Test 
AcAc 
(mM) 1.03 0.86 0.781 Independent Sample t-Test 
BOH 
(mM) 1.59 1.12 0.567 Independent Sample t-Test 
*Significant at the 0.05 level 
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Table F.3.  Results of t-tests to test for differences in mean values of body condition, 
plasma triglycerides (TAG), plasma cholesterol (CHOL), plasma free fatty acids (FFA), 
plasma acetoacetate (AcAc), and plasma β-hydroxybutyric acid (BOH) measured in 
mature male nurse sharks (Ginglymostoma cirratum) sampled in the Miami and Florida 
Keys regions. 
Metric 
(Unit) 
Miami 
(N = 32) 
Florida Keys 
(N = 8) P-Value Test Type 
Body 
Condition 1.03 1.08 0.178 Independent Sample t-Test 
TAG 
(mmol l-1) 0.26 0.17 0.031* Independent Sample t-Test 
CHOL 
(mg dl-1) 34.09 42.15 0.146 Independent Sample t-Test 
FFA 
(µM) 29.27 41.94 0.620 Independent Sample t-Test 
AcAc 
(mM) 1.28 1.95 0.304 Independent Sample t-Test 
BOH 
(mM) 1.27 1.08 0.301 Independent Sample t-Test 
*Significant at the 0.05 level 
